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1.0 Introduction

With the rapid emergence of wireless telecommunication systems, there is an ever increasing need for
propagation prediction tools to support the assessment of system performance in a given environment.
Currently, in the case of wireless local area networks (LAN), system designers must undertake an exten-
sive measurement campaign in order to identify an arrangement of transceivers which provides satisfactory
performance. This is a very time consuming process that may not illuminate aspects of the environment
which could allow designers to develop a more efficient layout. With accurate propagation prediction
tools, system designers could easily evaluate multiple layouts and search for the desired solution which

achieves the required level of performance with a minimum expenditure of resources.

Two common methods used to characterize the indoor propagation environment are ray tracing ([11,[2])
and statistical channel modeling ([3],[4]). Ray tracing utilizes geometrical optics and the geometrical the-
ory of diffraction to model the propagation of electromagnetic waves through a structure. By attempting to
model the physical interactions in the indoor environment, one hopes to gain insight into the phenomena
which define the characteristics of the indoor channel. The difficulty with this approach is that it requires
the construction of a detailed model of the structure. Currently, simplifications such as infinitely thin walls
are employed to maintain a tractable model development process. Yet higher fidelity models of interior
walls, along with improved characterizations of the electromagnetic properties of common building mate-
rials, may be necessary to model the effects of structures such as arrays of metal studs. Further enhance-
ments will also be necessary to properly represent the effects of scattering due to objects such as furniture

and lighting fixtures which will not be present in the model.



In marked contrast to ray tracing, statistical channel modeling is a measurement-based approach which
attempts to characterize the general indoor channel by determining the most appropriate distributions for a
set of channel parameters. Since no knowledge of building structure is utilized, it seems there is an
implicit assumption that some underlying statistical relationships exist for the entire class of indoor envi-
ronments. Yet this would seem to be invalidated by [3] which indicates that various measurement and
modeling efforts have yielded different distributions for certain channel parameters. The author acknowl-
edges that these discrepancies may be due to differences between the environments. As suggested by [4],
statistical channel modeling is a less reliable method for site-specific prediction and will likely fade in light

of the continuing advances in the area of ray tracing.

After surveying the literature on propagation prediction, it appears that models of the indoor channel are
primarily being utilized to examine the performance of personal communication services (PCS) and cellu-
lar systems. In these scenarios, the primary concern is the variation in system performance as the receiver
travels through the indoor environment. In addition to being dependent on receiver location, system per-
formance will also be a function of the transmitter center frequency. Yet no publications in the literature
appear to document site-specific propagation predictions for a fixed receiver and a specified frequency
range. It seems that it is equally important to understand the frequency domain characteristics of the
indoor channel in addition to the spatial domain characteristics so that one may select the most appropriate

center frequency for the given environment.

The objective of this research project was to determine whether a series of walls arrayed in a periodic man-
ner exhibit frequency selectivity similar to periodic dielectric materials ([5],[6]). Over certain frequency
ranges, referred to as stop bands, transmission through a periodic dielectric material is significantly
degraded due to destructive interference caused by multiple reflections from different interfaces in the
material. Obviously if this characteristic can also be associated with a periodic structure in the indoor
environment, wireless LAN designers must be aware of the location and extent of the stop bands which

could cause a significant reduction in system performance.
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To begin the review of this investigation, the initial propagation model for periodic structures is examined.
Next the model verification effort involving the censtruction of small-scale periodic structures is dis-
cussed. Based on lessons learned from laboratory experiments, an improved formulation of the propaga-
tion model is then presented. Finally indoor measurement and prediction is discussed and the comparisons

of the measurements and the predictions are examined.

2.0 The Plane Wave Model

For a given periodic structure, we are interested in understanding how the magnitude and phase of nor-
mally incident plane waves are modified after the waves propagate through the structure. If we view the
periodic structure as a filter, then the phasor E, which represents the transmitted electric field at the end of

the structure is equal to the product of the frequency response H(f) of the structure and the incident electric

field phasor E;.!

E () = HPE, (1)

In order to characterize the periodic structure over a given frequency range, we must compute the magni-
tude and phase of the frequency response which is simply the transmission coefficient 7 for the periodic

structure.

Et(f)
T(f) = H'U) = T (2)

By examining the variation of the magnitude and phase of the transmission coefficient over a given fre-
quency range, we can identify the frequency bands where significant amplitude distortion occurs and

obtain insight into the dispersive nature of the periodic structure from the degree of phase nonlinearity.

Now let us consider the N wall periodic structure shown in Figure 1. The regions of the periodic structure

are assumed to be infinite in extent in the y and z directions. The walls of thickness a are made of a mate-

1. We are assuming that E, = E,je " and E,(f) = E (e 0" ) where d is the length of the periodic structure.
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Figure 1: N Wall Periodic Structure

rial with permeability 11, and complex permittivity €. The air gap between the walls is . Within the ith

region, the forward- and reverse-propagating electric fields are represented by the phasors E,; and E,;. A
common time dependence of ¢/ is assumed.

Expressed in terms of the notation for this specific structure, the quantities we wish to determine are shown

below.
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¥, = a,+jf, is the propagation constant associated with the nth region in the periodic structure. x,, is the

location of the nth boundary in the periodic structure.

In order to compute the transmission coefficient 7, we must determine E, 5. For simplicity, we will
assume the normally incident electric field £,y = 1 and x; = 0. We will also assume there are no other

boundaries beyond the periodic structure that cause reflections which implies E, 5y = 0.

The equations which form the basis for the solution are the boundary conditions.



Yo 1% - Ya-1%n _ VX VX
E I+ E e "= E, e ""+Er,e""

n

T)] (Et,n—Ie-)/"‘lxn_Er,n-jey""x") = %—(Er,ne_ynxn_Er,neynx")
n-1 n

t,n—le_
ne {1,2,...,2N} “)

These equations state that the transverse electric and magnetic fields are continuous across the boundaries

in the periodic structure. 1, is the intrinsic impedance associated with the nth region in the periodic struc-

ture.

There are several ways one may choose to solve for the transmitted electric field at the end of the structure.
One naive approach is to simply take the preceding equations, form a matrix equation and solve for the
total field solution. With this approach, we obtain much more information than is needed and we pay a sig-
nificant computational cost. Another approach involves representing the periodic structure by cascaded
transmission line segments. In order to determine the transmitted electric field using this method, one must
propagate the reflection coefficient from the load to the source, determine the impedance at the source,
solve for the reflected electric field at the source and then solve for the transmitted electric field at each
boundary in the transmission line. Once again we would essentially compute the total field solution in a

very complicated manner when it is not necessary.

The formulation used for this model consists of a matrix equation which expresses the forward- and
reverse-propagating electric field at the end of the periodic structure in terms of a linear transformation of
the forward- and reverse-propagating electric field at the beginning of the periodic structure. The parame-

ters T;; which characterize the response of the periodic structure are known as cascading or T parameters

[71.
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This approach has obvious advantages over a total field solution. Only the field components of interest are
computed, and the dimensionality of the formulation does not scale with the number of walls. As we shall
see, the T matrix for the entire structure can be constructed simply from products of two fundamental T

matrices which characterize propagation through media and across media boundaries.

Given the boundary conditions for the electric and magnetic fields, we can define a 7 matrix B which

allows us to express the propagation of electromagnetic waves across a boundary.

E =8B E (6)

nn nn-1"n-l,n

We can also define a T matrix M which allows us to express the propagation of electromagnetic waves

through a medium.

N[i,d = y.d En, nel = Mn,x E N

With these matrices we can express propagation through one period of the structure as a product of B and
M matrices. Then we can express propagation through the entire structure as a product of T matrices for

one period. The additional M matrix included in T, accounts for the fact that we desire the transmit-

structure

ted electric field at the end of the structure as opposed to the field b meters from the end.

* N
Tstruc.ture = MO,b Tpcriod Tperiod - MO,bBI,OMI,aBOJ ®)

Now that we have specified the 7 matrix for the periodic structure, solving for the transmitted electric field

at the end of the structure is trivial.
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The magnitude and phase of the transmission coefficient 7 follow naturally from the above.
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In the above analysis we have shown how one can characterize propagation through a simple N wall peri-
odic structure. Yet it is important to note that the mathematical framework developed here is sufficiently

general to permit the analysis of arbitrarily complex periodic structures.

Once the implementation of this method was complete, model predictions were compared with those
obtained from a transmission line analysis and a total field solution. After establishing confidence in the
implementation of the algorithm, the next objective was to compare the predictions with laboratory mea-

surements.

3.0 Model Verification

In order to simulate the periodicity found in an office building, a stand was constructed to hold periodic
structures made from 0.125” thick sheets of polystyrene (&, = 2.54) [8]. Using the equipment shown in
Figure 2, the transmission coefficient magnitude over the 7-12 GHz range is derived from measurements
of the diode detector’s output voltage collected during two different experiments. In the first experiment,
the periodic structure is placed in the stand and the output voltage is measured while the frequency is
swept. Measurements are collected during a minimum of 30 sweeps and then averaged. In the second

experiment, the structure is removed from the stand and the process is repeated.

Since the diode detector’s output voltage is a nonlinear function of the time-average input power, a lookup
table which contains output voltages for various input power levels and frequencies was created. Using the

lookup table, the corresponding time-average input power associated with the measured output voltage is
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Figure 2: Block Diagram of Laboratory Experiment
computed. If the output voltage falls between entries in the lookup table, linear interpolation is used to
determine the corresponding input power. After correcting for the diode detector response, the transmis-

sion coefficient magnitude is computed in the following manner.

Pwalls in (ﬂ

: (1H
Pwalls out (f)
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At first glance, it may not be obvious that the comparison of the transmission coefficient magnitudes in
(10) and (11) is valid. The reference field in (10) is the electric field incident on the beginning of the struc-
ture; whereas the reference field in (11) is the electric field at the receiving horn. Yet for the plane wave
scenario where the power density does not vary with propagation distance, the difference between the ref-
erence fields is only in the phase. Therefore as long as the plane wave assumption is appropriate, this pro-

cedure is valid.

Figures 3a and 3b show comparisons of the transmission coefficient magnitude derived from laboratory
measurements and the predicted magnitude for structures with two and three walls respectively. As is
clearly evident, there is a significant amount of oscillation in the measured transmission coefficient magni-
tude which is not present in the prediction. From the investigation of measurements made with one wall in
the stand, it appears the oscillations are mainly due to resonances between the antennas and the walls.

Since we are only interested in the resonances between the walls, we want to remove the oscillations that
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Figure 3: Comparisons of Predictions and Laboratory Measurements
correspond to antenna-wall resonances via lowpass filtering. So our main task is to determine an appropri-

ate passband based on our understanding of constructive and destructive interference.

Let us consider the one wall case shown in Figure 4. We will assume there is no loss associated with the
wall which implies that the transmission and reflection coefficients for the boundaries are pure real. In

order to determine the condition for constructive interference, we will express the transmitted electric field
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Figure 4: One Wall Scenario
E t(;j Bod a5 an infinite sum of all possible normally incident paths through the wall. First let us define the

necessary transmission and reflection coefficients.

2mn, 2n, Ul
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E te_j Ao can now be expressed as the following.

EeTP = E,.r,rze‘fﬁldu L 12702 Pd B (13)

When constructive interference occurs, the magnitude of the infinite sum will be maximized. From inspec-

tion of the infinite sum, it is clear that this will occur when 2f3,d=27n where ne {1,2,...}. Simplifying this

expression, we find that d = '—12—}“ which implies that each reflected path length must be an integral number

of wavelengths longer than the direct path in order for all the paths to sum in phase.

The oscillations we observe in the transmission coefficient magnitude are due to the occurrence of con-
structive and destructive interference as the frequency is swept. Using the above condition for constructive
interference, we obtain the following equation which relates the period 7 of an oscillation with an associ-

ated separation d. u, is the phase velocity of the medium.
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T =L (14)

In all of the laboratory experiments, the separation between each antenna and one end of the periodic struc-
ture has always been larger than the length of the periodic structure. Therefore (14) supports the initial
claim about the connection between the high frequency oscillations and the antenna-wall resonances. Next
we will demonstrate that the above relationship allows us to associate features in the Fourier transform of

the laboratory measurements with distances corresponding to the antenna-wall separations.

To begin, we must first derive an expression which allows us to determine the discrete-time frequency @
associated with a given separation d. We will use a fundamental equation from digital signal processing
which states that the discrete-time frequency @ is equal to the product of the continuous-time frequency €2

2mk

~ - Substituting in

and the sampling period T} [9]. Since we are computing a fast Fourier transform, o =

for the various terms, we obtain the following result. Afis the bandwidth of the frequency range over

which we sample.

w = or,
2rnk  2m _Af
N ~ TN-I (15)
N 2d4f
S N-1 u

The experimental setup which was used to obtain the following data is depicted in Figure 5. One wall was
placed in the stand close to the receiving horn antenna. This was done to spread the peaks in the Fourier
domain corresponding to the resonances. After measuring the received power for the 7-12 GHz range, the
mean was removed from the data and the magnitude of the fast Fourier transform was computed. The

result is shown in Figure 6.

Based on prior experiences in the laboratory, a significant peak in the magnitude spectrum corresponding

to the resonance between the receiving antenna and the wall was expected. The peak at k=10 appeared to
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