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A FREQUENCY- AND TIME-DOMAIN INVESTIGATION INTO THE GEOMETRIC
OPTICSAPPROXIMATION FOR WIRELESSINDOOR APPLICATIONS

Michael G. Cotton,” Edward F. Kuester,” and Christopher L. Holloway ™™

In this study we investigated the geometric optics (GO) approximation to the fields
of anincremental electric dipoleaboveahalf planefor geometriestypical of wireless
indoor communications. Thisinspection was motivated by effortsto establish aray-
trace model to characterize indoor radio propagation channels. Eight canonical
geometries were examined to isolate near-surface and near-field effects that are not
accounted for in the GO approximation. Common building materials and physical
dimensions (i.e., antenna separation and height) as small as 1 cm were investigated
for frequencies up to 8 GHz. Theoretical fields were calculated via numerical
evaluation of Sommerfeld integras and compared to corresponding GO
approximations. As expected, GO approximations agreed with theoretical results
when the source and observation pointswere multiple wavelengths abovethe surface
andrelatively far apart. Closetothesurface, aninterestinginterference patterninthe
frequency domain was caused by adjacent fields in the two media propagating at
different speeds. Thisso-called“pseudo-lateral wave” phenomenonisdiscussed and
demonstrated in various examples. Next, we emulated system specifications (i.e.,
center frequency and bandwidth), computed time-domain impulse responses, and
used delay spread as ametric to quantify GO error. Results show that mechanisms
exist under certain circumstances which invalidate GO assumptions; conventional
expressions to complement GO approximations are summarized.

Keywords.  geometricoptics; indoor propagation channel; propagation over ground; Sommerfeld
integral; numerical integration; ray-trace model; impulse response; delay spread

1. INTRODUCTION
With the growing emergence of indoor wireless local area networks (WLAN), characterization of

theindoor propagation channel hasbecome moreimportant. Thisenvironment can be characterized
ineither thefrequency or timedomain. Frequency-domain modeling takestheform of field-strength
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predictions ower avolume of interestfor spedfied frequencies. In contrast, time-domain modling

is based on the impulse response of the particular environment. For digital communications, the
impulse response is a quantity used to characterize the multipath propagation environment.
Propagation effects on a transmitted signal are best described by a linear-system representation

b(t) - [at )g(t7)dr )

wherea(t) andb(t) are the symbol waveforms before and after propagation through the chénijel,
is the time-variable impulse response of the propagation channeljsatie delay variable.

Multipath propagation environments, such as the indoor-propagation channel, exhibit characteristic
impulse responses. For line-of-sight indoor channels, an impulse response is composed of a direct
ray plus numerous rays due to reflections off objects, diffraction around objects, and transmission
through objects. Impulse response data is useful for the analysis and simulation of digital
transmission because it quantifies communication-link degradation within a channel. More
specifically, the delay spreag, of a channel impulse response is a measure of time-dispersion due

to multipath [1, 2] and is defined as

[@-)?lg(to)P dr
Tspr = — o ’ (2)
[lg(to)F de

wheret is the first moment or mean delay given by

f‘r|g(t,‘r)|2 dr
e (3)
[loto)F dr

As arule of thumb, smaill,, indicates little degradation, whereasjfis large then severe distortion
occurs. Therefore, the data rate may need to be decreased in a high-delay-spread multipath
environment in order to maintain or reduce the bit-error rate.

A threshold associated with the calculation of delay spread exists to nullify the noise contribution
(i.e., values ofy(t,r) below the threshold are set to zero). Throughout this report, a threshold of -30
dB relative to the peak of the impulse is used for all delay spread calculations. Delay spread



guantifies inter-symbol interference and has been the subject of numerous publications such as [1-
10]. In most cases, statistical analyses were necessary to account for stochastic processes within the
time-variant channel. In this report we are not interested in the time-variant nature of the channel,
denoted by the dependent variabla g(t,r), nor statistical procedures to account for stochastic
processes. Hence, we assume that the channel is deterministic and that a single impulse response
is completely representative.

Various approaches are used to determine impulse-response delay spread for indoor applications,
such as ray-trace models [11-24], statistical models based on measurements [25-33], simplified-
decay models [34, 35], and full numerical techniques [36-39] (e.g., finite-difference time-domain).
The most popular of these techniques is ray-tracing, which is based on GO and assumes that near-
surface and near-field effects are negligible and that Fresnel reflection coefficients are valid. For
indoor applications, however, transmit and/or receive antennas are likely to be mounted close to a
wall or ceiling. Therefore, the GO approximation is in question since the antennas are only a few
centimeters from reflecting surfaces. GO errors, relative to the numerical approximation of the
general Sommerfeld formulation, are presented here in frequency-domain field-strength predictions
and time-domain impulse-response results.

Our goal is to investigate the shortcomings of the GO approximation for antennas mounted close to
reflecting surfaces. We focus on a classic probielipole radiation above a lossy half spa@and
consider the elementary vertical electric dipole (VED) and x-aligned elementary horizontal electric
dipole (HED) as sources. If there exists a set of substantive single-reflection cases which produce
significant near-surface and near-field errors under practical frequency and geometric constraints,
then we conclude that GO is an inadequate approximation.

This report is organized in the following manner. In Section 2, we summarize Somiserfeld
classical integral formulation and provide geometric optics expressions for elementary dipoles above
an infinite ground plane. Numerical techniques to evaluate Sommerfeld integrals are given in
Section 3. Frequency-domain field strength results are given in Section 4. The frequency-domain
results are transformed to a complex-baseband representation of a passband signal in order to
calculate the channel impulse response. A detailed explanation of the time-domain analyses is given
in Section 5, and corresponding results are shown in Section 6.

2. EXPRESSIONS FOR RADIATION IN FREE SPACE OVER GROUND

In order to isolate errors associated with the GO approximation for typical indoor scenarios, we focus
on a single reflection off a planar surface. The classic problem of elementary dipole radiation above
a ground plane has been analyzed extensively [40-46]. The geometry and nomenclature are shown
in Figures 1 and 2. Region 0 is free space; the source dipole and receiver, regardless of nature and
orientation, are located in region 0 at heidgh&mdz above the interface, respectively. Region 1 lies
beneath the interface; its material composition is defined by its relative dielectric cenataht
conductivitys. All media are assumed to be isotropic, homogeneous, and non-magnetic.
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Figure 1. Parallel polarization geometry tofields  Figure 2. Perpendicular polarization geometry Eor
above dielectric half-space. fields above dielectric half-space.

The general formulation of the two-media boundary problem is based on the solution of Maxwell
equations subject to boundary conditions at the interface. The differential form of Maxwell
equations, assuming expt) harmonic time dependence for the fields, is

VXE = -jop,H and  VxH =J + joeE | 4)

whereE is an electric fieldd  is a magnetic field, is an impressed current source, capital letters
denote time-harmonic fields (in contrast to time-instantaneous field variables, which are in lower
case), and denotes a vector. The electric-type Hertz veftor  is useful for solving electromagnetic

fields generated by a time-harmonic electric current; fields are expressed in tdfms of  as

E =K +V(V-I[) and H =jweVxIl . (5)

An alternative form to Maxwek equations is the Helmholtz equation, given by

(V2 k- I ®)

joe

wherek,? = o?ly(e &, - jolw) defines the wave number of medium 1. Boundary conditions enforce
continuity of tangentiaE  andil components at the interface and allow for a unique solufion of

2.1. Sommerfeld For mulation

The classic Sommerfeld formulation for a dipole above a half plane is a general solution that
contains complex, highly oscillatory integrals. Sommerfeld integrals provide an exact solution, but
have yet to be solved analytically. Numerical schemes for evaluating these integrals are covered in
Section 3. The formulations for VED and HED are given in the following subsections.



2.1.1. Vertical Electric Dipole (VED)

An incremental vertical current element placed a heigithove the half plane in the z direction
produces a z-directed component of the vector potential in regions 0 and 1. For@yED,s
independent ofp and only theE, E, andH, field components are radiated. The Helmholtz
equations in both media must be satisfied and boundary conditions apply at the interface. The
solution to the partial differential equation is simplified via the double Fourier transform.
Additionally, the specified geometry suggests a transformation to cylindrical coordinates that
introduces a Bessel function into the integral solution. The resulting Sommerfeld formulation for the
vector potential in region O is taken from [41] and is given by

JoH,p
47tk02

Il =

z

[G, - G, + k?V] | @)

wherep is the dipole moment. The source and image Gsdenctions are defined as

_ eCikR) ?GXP[‘”h_Z”JO(fp)édé and
R, o ®
exp(-ikoR) _ Texp[I(h+ “p)Ed¢
G, - FeioR1 _gexp[lfh Ay epyeds

respectively, wheré,(¢p) is the Bessel function of the first kind and order zero. The distances from
the observation point to the source and image are

R =yp?+ (z-h?2 and R =p?+ (z:h? , ©)

respectively. The Sommerfeld integxéis defined as

o

_  2exp[l(z+h)]

and the functionsandm are given by

| = /é?-kZ and m=,/¢&2-k? . (11)

Equation (7) is concise but not optimal for numerical evaluation given the electric properties of the
reflecting surfaces considered in this report. An alternative form was used by van der Pol [45] and



is given by

joHp
I, = — [G, + G, - 2Q] , (12)

47rk02

where

” mk?Zexp[-1(z+h)]
Q -
{ |(|k12 + mK)Z)

Jo(ép)cde . (13)

Under this convention, the sur®, + G, represents the situation when the ground is perfectly
conducting and the Sommerfeld integ@atepresents a correction for the lossy characteristics of
ground. For the material properties considered, the formulation of equation (12) significantly
reduces the magnitude of the integrand in equation (13) and consequently improves the convergence
and accuracy of the numerical integration.

Relevant field components are extracted from equation (5) to form the following field expressions:

joHep | 52 )
E - 9 k2| (G + G, - 2Q)
‘ Ank ) [ 0z? N ° !
i ,
E - J “of a_((;o + G, - 2Q) (14)
471;ko apaz
_ b |0 _
° an [5(60 + G ZQ)}

These general expressions were derived with no assumptions regarding proximity, wavelength, or
material composition and account for the near-surface and near-field effects we aim to observe.

2.1.2. Horizontal Electric Dipole (HED)

In the case of an incremental horizontal current element placed athalghte the half plane in the

x direction, Bdios [41] employs the x and z components of the electric Hertz vector (i.e.,
I = all +ajl,). Thezcomponents satisfy the homogeneous Helmholtz equatehimedium,

and the x components satisfy the inhomogeneous Helmholtz equation in region 0 and the
homogeneous Helmholtz equation in region 1. Imposition of the boundary conditions at the interface
gives vector potential solutions for region O that are substituted into equation (5) to give field
expressions. Sommerfeld formulations of the transverse-electric (TE) field components are



jowp . 19
E, - 4nkf;2 sing [;5 (G, - G, + kV) + k2(G, - G, + U)
H - - P sing i(GOGl+U)} (15)
4 ap
p .o 1 0W
H = = sip |— (G, - G, +U) - =ZZ| |
P 4n Wp[az(o V) pap]

and the transverse-magnetic (TM) field components are

joHp 02 2
E - - coy | — (G, + G, - kV
z 4k ? S 626p( o T L1 V)
quop 82 2 2
E = - cop | — (G, - G, + kV) + k*(G, - G, + U) 16
T e (% G KV G - G, (16)
. p 0 ~ AW
H, = . cogp | —(G, - G, + U) ?
Sommerfeld integralsl andW are defined by
u - 22BN 5 ) o
; 17)
W - [ 20-mexp[I(z+h)] Epyeds .

O\

k2l + k?m

Note that if one were to compare the VED and HED Sommerfeld formulations given in this report
to the corresponding expressions in [41], then a number of differences would be observed. These
differences are due to an opposite time convention and rotation of the spatial coordinate axes. The
opposite time convention causes the opposite sign in the expor@nanéG,. Rotation of the
coordinate axes flips the leading sign of many of the field equations, the sign in from of
numerous exponential exponents, and the sigi. of

2.2. Geometric Opticsand Norton Surface-Wave Approximation

Special cases exist where closed-form approximations are obtainable. Geometric optics is a far-field
approximation that assumes the source, observation point, and reflecting surface are many
wavelengths apart. Also, the Norton surface-wave term may be used to approximate surface-wave
effects wherk,R, » 1 andi| > k|



2.2.1. Vertical Electric Dipole (VED)

If the observation point is in the far field of the source, then the approximations to fields resulting
from a vertical electric dipole above a half plane are given by

JkoP | Mo . : -
E, ~ - 4_(; 8_0 [sin’0,G, + I'sirt0,G, + (1-I')F(w)sirte,G,]
0
kP Mg . E e (18)
" an Al [singyco9),G, + I';sind,cod, G, - (1-I")4,F(w)sing, G,]
0
jkop

?

A [sing,G, + I';sing G, + (1-I")F(w)sind, G,]

wheref, andd, are shown in Figures 1 and 2. The first two terms make up the GO approximation
which involves the Fresnel reflection coefficiéhisee Section 2.2.3). The third term is Norson
surface-wave approximation, which was obtained from a high-refractivity, far-field approximation
toV [42]. The Norton term incorporates an attenuation function given by

Fw) = 1 - y/aw e erfc(jyw) . (19)

For a homogeneous half-space the remaining variables are defined as

. 2
W = — JkLRO (Cos9r+AO)2 and Ay = ﬁ \'1[ E) SinZ@r . (20)
2sirto,

The Norton surface-wave terms are valid only wk@&g» 1 andl,| > k| due to assumptions made
when deriving equations (18), (19), and (20).
2.2.2. Horizontal Electric Dipole (HED)

For observation points in the far field of a horizontal dipole above a homogeneous half plane, the
TE fields are given by

jk
g, - 20 150 giny 16, + G, + (1-1)F@G,]
47 €y
jKop , :
H, = —4(; sing [sing,G, + I' sind. G, + (1-I"))F(q)sind,G,] (21)
jkp 5
H/) o Sm(" [CO§dGO + F4CO§I’Gl B (lilﬁi)F(q)ooGl] !

47



and the TM components in the far field are given by

ik
E, = % % cog [sind,cod),G, - I',sin,cod), G, + (1-I)F(w)4,sing,G,]
0

jKop | M

E/) . 4(; g_o cop [COSZQdGo - F//C0§0rGl - (1_F//)F(W)A‘2361] (e2)
0

jkoP

H, = = = 0o [c0%),Gy - I,00%),G, + (1-1)F(W)4,G,]

wheref, andd, are shown in Figures 1 and 2, the sum of the first two terms is the geometric optics
approximation, and the third term is the Norton surface-wave term. For a homogeneous half-space
the remaining variables are defined as

iRy - ok o]
- - 200 (cod +5 and o, - = |1-| 2| sirte. . (23)
T e (60, %) ° ok ky r

Similar to the VED case, the Norton surface-wave terms are valid onlykgRenl andi,| > k.
The following section provides a summary of Fresnel reflection coefficients to complete the far-field
formulation of the fields radiated by incremental dipoles above a half-space.

2.2.3. Fresndl Reflection Coefficients

Detailed derivations for the expressions given in this section may be found in standard

electromagnetic texts, such as [47]. Electric field polarization is defined relative to the plane of

incidence, which contains the normal to the reflecting surface and the incident propagation vector

(see Figures 1 and 2). Parallel polarized electric fields lie in the plane of incidence and perpendicular

polarized fields are orthogonal. TEeield Fresnel reflection coefficients at a plane boundary are
n,cos, - n,cod, n,co8, - n,cod,

I, = and [ = ,
' p,co9, + n,co9, © p,co9, + n,c09), (24)

where the transmitted angle and intrinsic wave impedance of region 1 are complex and defined as

sig, - Lsing. and gy, - L
Mo g6y — Jolo

(25)

respectively. Figure 3 illustratésand I, for various material properties and frequencies.
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Figure3. Parallel (line) and perpendicular (dash) Fresnel reflection coefficientsversusangle of incidence for
&=5. Legend displays conductivity o [S/m].

3. NUMERICAL INTEGRATION TECHNIQUES

To evauatethe accuracy of GO, we must analyze near-field interaction and propagation effects near
theinterface. General solutionsfor fields radiated by a VED or an x-aligned HED are obtained via
numerical evaluation of Sommerfeld integrals. In this section, relevant numerical techniques are
presented with referenceto [48-52]. Romberg integrationfor relatively well-behaved functionsand
thewei ghted-averages method for eval uating asymptotical ly-oscill ating sl owl y-convergent functions
are summarized. Finally, specific details for the numerical evaluation of 2Q/k,?, U, V, and W and
the necessary derivatives are given.

3.1. Romberg Quadrature

Romberg integrationisan effective means of integrating well-behaved integrandsover afiniterange
of integration by extrapolating the error associated with a prediction from previous iterations and

10



subtracting the error to give a higher-order approximation. To demonstrate this, consider the
trapezoidal rule

fX(E) d¢ - A¢ [%X(fo) + %X(El)] + O(ag2x®@) (26)

where A¢ isthe distance between abscissae, parenthesi zed superscripts denote derivative order, and
O defines error order. Equation (26) isatwo-point formulaand is exact for polynomials up to and
including degree 1. If thisequation isused N timesfor the equally-spaced intervals (&,, &), (&, &),
vy (&1 &) @nd summed, then the extended trapezoidal ruleis

S, - [X@)de - ac

%X(Eo) FX(E) e +%X(¢“N)}

i Bz(é‘Nfo)z[
2IN?

By (&)
(2n)IN2"

X&) X&) - - (27)

[XED(E) - XN E)] -

where B, isaBernoulli number. If one evaluates theintegral with N steps and then again with 2N
steps, then the leading error in the second evaluation will be %4 the size of the error in the first
evaluation. Therefore the combination

4

- 21
S = gSzN 35N (28)

subtracts off the leading error term. Similarly, Romberg integration uses Neville's algorithm to
extrapolate the leading error term for high-order integrands.

3.2. Weighted-Averages Method

The weighted-averages method is a useful numerical technique for integrating functions that are
periodic yet convergent over asemi-infiniteintegration range. Sommerfeld integrals areinherently
oscillatory and slowly convergent due to the presence of Bessel functions. We begin our discussion
of the weighted-averages method with the integration then summation technique [52], where the
integral is expressed as alimit of a sequence of partial sums

o N Sn
S = [x&)I(Ep)cde = lim Y [ (&I (Ep)¢ds = lim S, . (29)
¢, N-~ n=0 - N-oo

11



Notethat the Sommerfeldintegrand was split into its characteristic factors, X(&) = x(£)J,(&p)¢. Also,
¢, ischosento ensurethat no singularities exist in the Sommerfeld tail X(|R¢E|> ¢, ]). The sequence
S\ approaches Sslowly and the error or remainder complies with the following expression

- Sy S [A)I@)ede
a (30)

£ -n
NWNX%CngN , N - o ,
n:

wherew, areremainder estimates specific to y(¢). Seriesacceleration methods are based ontheidea
that information contained in the sequence of partial sums, §,, S, ..., S, isextracted and utilized in
away that is more efficient than the conventional combination techniques. If the weight, W, is
associated with §, then a general combination formulais

p_ WSt Waa S Wiy W,

Ne e
W+ Wy, 4

-Se— =Sy . (31)

The second form shows that if

ay = = - ’ (32)

then the remainder rh/l of the transformed sequence will be nullified. The difficulty isdetermining
ry from its asymptotic estimates. Careful scrutiny leads to the generalized weighted-averages
algorithm, given as

SN + ‘XN)SN+1

s - N TN N (N>0and 7> 0) , (33

1+ a,f,ﬂ)

where parenthesi zed superscripts denote transformation order and a,f,/ ) isformulatedin Sectlon 33
for theintegrandsunder consideration. Equation (33) isarecursive schemethat produces SO asthe
best approximation to S, given the partial sums S, S, ..., S,, and accel erates the convergence.

3.3. Numerical Evaluation of 2Q/k? U, V, and W
Efficient numerical integration of the integrals associated with dipole radiation above a half plane

arenow considered. Table 1 summarizesthenecessary Sommerfeldintegralsand Figure4illustrates
the common traits among each integrand in the complex plane. Derivativeswere pulled inside the

12



Tablel. Sommerfeld Integrands and Asymptotic Coefficients
Sommerfeld integral Sommerfeld integrand, X asymptotic
2Q 2mexp[-1(z+h)] I(E0)E
k02 |(k02m N k12|) h($P) 1
& (2Q 2Imexp[-1(z+h)] 3
azz( k02] oo (e 4
# (2Q 2mexp[ -1 (z+h)] | 2
azap( ] o A 1
9 (2Q _2mexp[-1(z+h)] 2
ap[ koz] (o ek )¢ 0
v 21e@[1(ZM)] } () 2
— 1214 .
2200 k2m + k2l 1
v _20@[-1(z+N)] 5 (£ 2
& i a Pe 0
Vv 2exp[ 1 (z+h)] lJl(fp) J ,
P A— £3,(¢p) ¢ 0,-1
U M 3,(ép) € 1
+ m
EY) 20e@ 1z ) g s 0
oz | +m 0
L -2l 5 (gp) ¢ 0
dp [ +m !
oW _20-meq[1(zth)] 5 (s 2
a_p k02m R k12| 1( p) -1
Ll 2(1-m)exp[I(z:h)] [Jl(f")fa (fp)sz 1,-2
9p? k’m + K P !
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Figure 4. Sommerfeld poles and branch points in complex plane.

integralsand each resulting Sommerfeld integrand, X, contains Bessel functions, exponential terms,
branch cuts, and possible poles. These factors make analytic solutions unlikely, but provide a
commonality which allowsfor asingle numerical integration schemeto evaluateall of theintegrals.
In this approach the real-axis integration path is partitioned and specific numerical integration
techniques are used according to the integrand behavior in each subinterval.

Poles may cause strong variations in the integrand, such as those associated with VV and W at
tkoky

égoe B :
pol W (34)

These poles are located in the fourth quadrant on the complex plane just below the real axis and
R (o) < Ko aswell asin the second quadrant symmetric about theorigin. It was confirmed that they
have negligible effect on the real-axis integration path for the electric properties considered.

Toavoidbranch cuts, theintegration path was partitionedinto three subintervals[0, k], [k, ko\/(?r 1,
and [ ko\/gT, «], wheredifferent techniqueswere used according to specific difficultiesencountered.
In the first subinterval, change of variables ¢ = k, cosu removed the discontinuity in the derivative
at k,, resulting in

14



T

ko 2
[X(©)dé = [X(kcosykysinudu . (35)
0 0

In the second subinterval, changein variable & = k, coshv removed the discontinuity at k, giving

Koy/%r Arccosh, /e,
f X(&) dé = f X(k,coshv)k,sinhvdv . (36)
Ko 0

The integrands in equations (35) and (36) are well behaved and converge when numerically
integrated with Romberg quadrature.

Thesemi-infinitesubinterval waschosentobeginat & | = ko\/Er becauseall singularities, poles, and
branch paintsontheright hdf of thecomplex planelieather onor totheleft of thelinedefinedby R (&) = ko\/(?r.
Change in variable was not necessary and the generalized welghted-averages algorithm was used
to numerically integrate the Sommerfeld integral tail. The break points &, = ko\/(?r + Nn/p were
chosen based on the half-period of the Bessel function, n/p, and the wei ghts were chosen according
to the analytical form of the remainder estimates, given by

(-pN1 Nn(z+h)}
& p

Wy =

exp[ 37

A more detailed derivation of equation (37) wasgiven by Michalski in[52]. Thisequation isbased
on the asymptotic behavior of the Sommerfeld integrand, which is characterized by the asymptotic
coefficient S (given in Table 1) and the expressions

_eple@ e o
() G

(38)
J(p) ~, n—?p COS(fpv%%) ,

where Cisaconstant. Applying equation (37) to equations (30) and (32) gives

. p-Yert
(&] , (39)
N

n(z+h)
p

ol = exp

which completes the wei ghted-averages formulation given by equation (33).
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4. FREQUENCY-DOMAIN RESULTS

In this section, field-strength results and corresponding GO errors are illustrated in the frequency
domain. Freguencies ranging from 10 to 8000 MHz (i.e., 30 > A > 0.0375 m) were chosen to
encompass the ISM bands at 902 - 928 MHz, 2.4000 - 2.4835 GHz, and 5.725 - 5.850 GHz where
unlicensed wireless LAN products operate [53]. In order for the theoretical received signals to
embody the channel transfer function, wesimul ate aflat-frequency transmitted spectrum by defining
the electric dipole moment as

p=] 4
g (40)

First, VED results from a simple two-ray geometry at various ground conductivities are presented
tointroduce the behavior of thetwo-ray model. Next, position dependency isinvestigated to isolate
near-surface and near-field effects. Lastly, field strength as a function of horizontal separation and
frequency is displayed in order to demonstrate the nature of the fields in a more genera sense.
Throughout thisreport, superscripts(i.e., E,°, E,°°, E,°°*™™) and colors (i.e., green, red, blue) are used
to distinguish between Sommerfeld, GO, and GO with Norton term results, and all fieldsarein dB
normalized to 1 V/m for E-fields or 1 A/m for H-fields. Note that in many cases the curves are
indistinguishable because they lie on top of one another.

4.1. Conductivity Variation to Demonstrate Two-Ray Behavior

Electric properties are defined by the conductivity and relative dielectric constant of the lossy half
space; geometry isspecified by height above theinterface and horizontal separation. Inthissection,
weconsider { o [S/m]} ={0.00195, 0.195, 19.5, 1950}, ¢, =5, and{h[m], z[m], p [m]} ={1, 1, 10}
in order to minimize the effect of the null in the radiation pattern of the VED source and to ideally
illustrate the nature of the two-ray model. Figure 5 presents the numerically approximated
Sommerfeld solution with the GO approximation for the squared magnitude of E,radiated by aVED.

Asthe electrical conductivity gets large, the Fresnel reflection coefficients approach plus or minus
unity and the field expressions approach the sum of the source and image Green’ sfunctions G, + G;.
This produces a two-ray cancellation effect where equally spaced nulls occur according to the
difference in path lengths, AR = R, - R,. At lower conductivities, the reflected wave is less
influential becausethe Fresnel reflection coefficient decreasesin magnitude and shiftsin phase, thus
flattening the cancellation behavior and shifting the nullsin frequency. Geometry associated with
the above case effectively demonstrates the behavior of a two-ray model and its dependence on
material properties. For practical purposes, we limit the scope of the remainder of this analysisto
reflecting surfaces made of concrete. Although the electric properties of concrete vary with
frequency [54], we assume that frequency-independent parameters(i.e., ¢, = 5 and o = 0.00195 S/m)
will provide representative results.
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Figure5. Magnitude squared of the z component of the E-field for aVVED above ahalf space
(z21 m, h=1 m, p=10 m, &=5) at various conductivities.

4.2. Position Variation to I solate Near-Surface and Near -Field Effects

In this section, we position the source and observation points to isolate near-surface and near-field
effects. Figures6and 7 illustratefieldsradiated by aVED aboveahalf plane, Figures8 and 9 isolate
the TE waves of an x-aligned HED by limiting the observation pointsto ¢ =90°, and Figures 10 and
11 isolate the TM waves of an x-aligned HED by limiting the observation pointsto ¢ = 0°.

For incremental electric dipoles, simulations show that near-field effects are substantially reduced
for p > 1 mexcluding the E, component of the HED-TM case; hence, weisol ate near-surface effects
by holding the horizontal separation constant at 5 m and simultaneously reducing the source and
observation heights: {(h [m], z[m], p [M])} ={(10, 10, 5), (1, 1, 5), (0.1, 0.1, 5), (0.01, 0.01, 5)}.
It should be understood that near-field regions depend on antenna size and that ideal infinitessmal
dipole sources are non-realizable. Figures6, 8, and 10 demonstrate surface effectson field strength
and Sections 4.2.1 and 4.2.2 provide relevant observations and discussion.

Itisshown later that for an elementary electric dipole above aconcrete half plane, surface effectsare
significantly reduced when h > 10 m and z > 10 m. Therefore, we isolate near-field effects by
holding the source and observation points at a constant height of 10 m and reducing the horizontal
separation: { (h[m], z[m], p [M])} ={(10, 10, 10), (10, 10, 1), (10, 10, 0.1), (20, 10, 0.01)}. Figures
7,9, and 11illustrate near-field effectsin the frequency domain, and Section 4.2.3 providesanalyses.
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Figure 6. Near-surface effects on field strength of a VED above a concrete half space.

VED: h=10 m, z=10 m, p=10 m

: h=10 m, z=10 m, p=1 m

VED: h=10 m, z210 m, p=0.1 m

VED: h=10 m, z=10 m, p=0.01 m

VED: h=10m, z=10 m, p=10 m

: h=10 m, =10 m, p=1m

:h=10m, z=10 m, p=0.1m

VED: h=10 m, z=10 m, p=0.01 m

[ f1dB]

-81 -101
107 10" 10° 107 10" 10°
f[GHZ] [GHZ] f[GHZ] f[GHZ]
VED: h=10 m, z=10 m, p=10m 10m, =10 m, p=1m VED: h=10m, z=10 m, p=0.1m VED: h=10 m, z=10 m, p=0.01 m
-705 10 60
50
o
-71 40
= -10 g X
3 3
oy & 20 N
Fog Fog
= -2 = 10
-72 ™ o
. -30
-10
-725 -40 -20
10 10 10° 107 10" 10° 107 10" 10°
f[GHz] [GHz] [GHz] f[GHz]

Figure 7. Near-field effects on field strength of a VED above a concrete half space.
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Figure 8. Near-surface effects on field strength of an x-aligned HED above a concrete half
space. Observation points are restricted to p=90°.
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Figure9. Near-field effectsonfield strength of an x-aligned HED above aconcrete half space.
Observation points are restricted to ¢p=90°.
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Figure10. Near-surface effectson field strength of an x-aligned HED above a concrete half
space. Observation points are restricted to ¢p=0°.
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Figure11. Near-field effects on field strength of an x-aligned HED above a concrete half
space. Observation points are restricted to ¢p=0°.
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4.2.1. Surface Wave

Figures 6, 8, and 10 illustrate near-surface effects as the source and observation points are drawn
closeto theinterface. Norton surface-wave terms provide a means to isolate surface-wave effects.
Near theinterface, deviation from geometric optics due to surface-wave propagation peaks near d.c.
and decreases continuously with increasing frequency. As expected, surface-wave propagation is
moreinfluential in TM fieldsthanin TE fieldsradiated by HED. In comparison to the more general
Sommerfeld solution, GO + Norton term approximations seem adequate for predicting theradiation
of aVED above a half-plane; significant discrepancies, however, appear in the HED case where
near-field effects are influential, as discussed in the following sections.

4.2.2. Pseudo-Lateral Wave

Sommerfeld resultsin Figure 8 show strong oscillations in the TE fields radiated by an x-aligned
HED over awide range of frequencies when the source and observation point are near the interface
(i.e, h<0.01 mandz< 0.01 m). Inthissection, we provide alternative expressions for U, V, and
Wto help explain this oscillation.

Notice that the HED-TE fields in equation (15) are strongly influenced by the integral U. With
reference to [55], rationalization of the denominator in U and use of the integral representation of
G, in equation (8) alowsfor it to be rewritten as

U = k122k02 ;21 - ZmeXp[—I(z+h)]Jo(¢“p)¢“d§ (41)
If we add and subtract 1 within the integrand and make use of
. ik R]
[maenid: - %% o (42)
then U can be expressed as
: klzzkoz aazszl i j—;w T Zm{exp[—l(vh)]—1}J0(¢“p)¢“d¢“ (43)

Close to the interface the integral term isrelatively small and the first two terms depict two waves
traveling adjacent to one another but at different speeds dueto the different propagation media. The
two waves destructively interferewhen -k R, = -k;R, + 2zn, wherenisaninteger. For the material
propertieschosen and R, =5m, theinterference occurs approximately every 48.5 MHz which agrees
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with the oscillation observed. The interference caused by the adjacent fields dies off asthe source
and observation point are moved away from the surface, which suggests near-field excitation for
generating the pseudo-lateral wave.

By the same motivation, an alternative form of the Sommerfeld integral V isderived with reference
to[55]. Asinthe approach used in reformulating U, we add and subtract 1 within the integrand in
equation (10). The denominator of V cannot be rationalized as with U, but the integral identity

/1
N v dv _ k14 - ko4 1 (44)

—— — 2 2
Kolky \/(éz—ipdez)Vz—épmez Kiky Kl +ky™m

allowsfor integration by parts, which produces two additive exponential terms. Finally, changein
variable and identification of the integral form of the incomplete Hankel function, given by

kllko P 2
HO (kfig,ép) = 2 [ SRUSLIL D) g (45)
IT 9 y1+u?

completes the derivation and yields

2k ky |k exp(-ikyp) K exp(-ikyp) (
e T i) o) (46)
. r2lewl-lEn] -1} g

0

where the positive form of equation (34) isused for &,,.. Values for incomplete Hankel functions
may be attained via numerical expansion. A useful relation given by

W= - %[261 - (k02+k12)V] , (47)

provides the means for expressing the last Sommerfeld integral Win terms of V.

The leading terms of equations (43) and (46) show evidence of a pseudo-lateral wave, which
originates in the less dense media and propagates along the surface; it travels inside the dielectric
and is excited via near-field coupling. This phenomenon resembles the lateral wave that has
application in geophysical exploration of the lithosphere [56] and propagation modeling in highly
vegetated environments[57]. Lateral waves are excited along a boundary between two mediaby a
source either at the interface or in the dense medium and travel atop the interface in the less dense
medium. In Section 5, time-domain resultswill alsoillustratethe pseudo-lateral wave phenomenon,
where apulse arrival time corresponding to the wave vel ocity of the dense mediais shown.

22



4.2.3. Near-Field Effectson the Direct Ray

Electromagnetic fields in the near-field region were computed via numerical evaluation of
Sommerfeldintegralsand compared to GO approximationsin Figures7, 9, and 11. Notethat Norton
surface wave approximations are not included in these plots because they are valid only in the far
field. Asseparation decreasestop <4, thedirect ray isobserved in the near field of the source, and
field components influenced by the direct ray (i.e., E,and H, for VED and E, and H, for HED-TE)
demonstrate deviation from the GO approximation at low frequencies due to near-field effects. At
h=z=10m, thereflected ray travelswell into the far field of the source before being reflected and
observed; consequently, field componentsinfluenced by thereflected ray and not thedirect ray (i.e.,
E, for VED, H, for HED-TE, and E, and H, for HED-TM) show little near-field error.

The fields of the direct ray may be expressed in spherical coordinates as

__p H i
E, - Y 8—;) cosf | 1 + - : exp(-jk,R)
jkoP | My 1 1 ,
E, - 70 sng, | 1+ - -k (48)
T 4R, J o [ ikoRo  (IRy)? ]exp( o)
= jp i + 1 —j
H, IR, sing, [ 1 R ]exp( 1koRy)

Notice that E, is strictly a near- and intermediate-field expression with an exp(-jk,R,) phase
dependence that is not accounted for in the geometric optics expressions. If 6, = 0°, then E, is
equivalent to the direct-ray of E, inthe HED-TM case and near-field influence is maximized in the
null of the antenna pattern because the cosf, factor is equal to 1. In Figures 10 and 11, the E,
component of the HED-TM radiated field displays an oscillatory deviation from the GO + Norton
term approximation when locations are many wavelengths from the interface and from each other.
In this scenario, the near-field direct ray is comparable in magnitude to the reflected ray, hence
causing a near-field direct ray plus a GO reflected ray cancellation pattern. Further discussion is
given in the time-domain results section where the results are more intuitive.

4.3. Contour Plotsto Observe Two-Ray Behavior

We assigned thefield strength and corresponding GO error to colors and plotted those colorsversus
frequency and horizontal separation for constant h and z; this allows us to visualize the resultsin a
moregeneral sense. Appendix A displaysnumerical solutionsto Sommerfeld formul ations, residual
errors(i.e. ||E,3 - |E,°°F| [dB]), and dashed lines on the residual error plotsrepresenting the R, = 104
contour to provide ageometric guideline. Note that these results have low resolution in frequency,
so highly oscillatory behavior may not be seen.

23



Half thefiguresin Appendix A present caseswherethe source and observation pointslieonthe same
horizontal plane{(h[m], z[m])} ={(10, 10); (1, 1); (0.1, 0.1); (0.01, 0.01)} . In these plots, observe
the decrease in two-ray cancellation frequency with increasing AR (i.e., constant p and decreasing
height) when the direct and reflected rays are both present. Also notice the error magnification near
the Brewster angle. The remaining figures in Appendix A give representative contour plots for
source and observation points at different heights {(h [m], z[m])} ={(2, 10); (0.1, 10); (0.1, 1);
(0.01, 1)}. Noticethe effect of the source antenna pattern; that is, if the observation point is not at
anull in an antenna pattern, then the two-ray cancellation effect becomes visible.

5. TIME-DOMAIN ANALYSIS

Field strength plots in the frequency domain are descriptive, but the practical significance of the
resultsare difficult to interpret. Of moreimportanceto the digital communications engineer ishow
the errors trandlate to the time domain. In order to assess the practical significance of GO error for
indoor scenarios, we compute the delay spread of the channel impulse response and quantify the
cumulative error seen in the frequency domain. This section provides a detailed explanation of the
time-domain analyses used in this report.

Digital signalsaretypically transmitted by sometype of carrier modulation. Thetransmitted signal
islimited in bandwidth to an interval of frequencies centered around the carrier or center frequency
(i.e., o, = 2xf.) and must bereal-valued in thetimedomainin order to have aphysical interpretation;
consequently, it is complex-conjugate symmetric about d.c. in the frequency domain. For
mathematical convenience with no loss in generality, the passband signal may be expressed as a
complex-baseband representation. This is accomplished by first filtering out the negative
frequencies to produce an analytic signal. In the time domain, the real and imaginary parts of the
analytic signal are aHilbert transform pair. Next, we shift the analytic signal down to baseband to
give a complex-baseband representation of the original passband signal. A pictorial representation
of real-time, analytic, and complex-baseband signals is given in Figure 12 and more extensive
discussions can be found in [58, 59].
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Figure 12. Signal representations.
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The impulse response of the channel can be given by

~ e(t,r)
g(t,z) = v - {ﬁ(t,r) : (49)

where V is a unit direction vector corresponding to the receive antenna. The complex-baseband
representation of the applicable vector field components, €(t,z) and h(t,z), isgiven by

é(tz) = FT E(tw +0 ) Ao +o,)]

h(tz) = FT [H(t o +o)4(0 +o.)] (50)

where FT ! istheinverse Fourier transform operator, zisthetransform variable, and A(w) isascalar
window function that filters out negative frequencies and defines pulse shape and bandwidth.

We seek an expression for the squared magnitude of theimpul se response |g(t,7) P intermsof electric
and magnetic field variablesin order to compute delay spread viaequations (2) and (3). Depending
on thetype and orientation of the receive antenna, one or some combination of thefield components
will be the dominant coupling mechanism. Orientation, radiation pattern, and efficiencies of the
receive antenna are fairly arbitrary and only clutter the field effects we wish to observe. For
simplification purposes, we examine each field component at the observation point separately. This
augments the influence of the propagation mechanisms, generalizes the results, and allows for
flexible receive antenna specification to be easily realized. Inthefollowing subsections, we discuss
optimal pulse shapes and frequency considerations for indoor scenarios.

5.1. Windowing Techniquesto Optimize Pulse Shape

In this section we address time-domain pul se shaping issues associated with the choice of A(w). It
isdesirableto choose awindow that produces awell-behaved pul se shape for large dynamic ranges.
The single-ray scenario (i.e., source and observation points existing in infinite space) alows us to
analyze delay spread sensitivity to threshold for a given pulse shape. We computed a single-ray
impulse response and its corresponding delay spread as a function of threshold (i.e., 0 to 40 dB
below the peak) for four windows (i.e., flat, Hanning, Hamming, and Blackman). Resultsare shown
in Figure 13. As expected, the behavior of the flat window is undesirable because of its high
sidelobesin thetime-domain and sensitivity to threshold. If one considersthreshold levelsbetween
20 and 40 dB then the Hamming window is optimal because it has the most narrow well-behaved
pulse shape. Henceforth, the Hamming window is applied to al results. Use of non-rectangular
windows allows us to speak in terms of bandwidth BW (i.e., 3-dB bandwidth). For a Hamming
window, bandwidth is about 35% of the total frequency content.
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Figure 13. Windows, pulse shapes, and single-ray delay spread
versus threshold.

5.2. Practical Bandwidth Limitations

We aim to describe how radio-propagation channels limit communication system performance.
Simulation and measurement of broader frequency bands produce narrower pulses and more
effectively distinguish multipath contributors as well as subtle near-surface and near-field effects.
Conseguently, the resulting impulse response contains more information and is a more general
description of the channel. Here we consider a pragmatic upper limit to bandwidth.

Current WLAN systemsoperatewithin all ocated bandswith lessthan 100 M Hz bandwidth. Broader
bandwidths are achievable and arein demand. In order to extend the relevance of this study, we do
not limit our focus to alocated operational bandwidths. It is reasonable, however, to confine
simulation bandwidths to those achievabl e by wideband measurement systems, which are hardware
limited. Typically, impulse response measurement systems are limited by the digitizer’s analog
bandwidth, which ison the order of 1 GHz [60]. Henceforth, we limit our simulation bandwidth to
1 GHz, impose the frequency constraint 0 < f < 2f_ to avoid overlap into negative frequencies, and
limit the center frequency to 900 < f, < 5800 MHz. Noticethat if f, < 1.35 GHz, then the bandwidth
islimited by the O < f < 2f_ constraint (e.g., the 900-MHz signal shown in Figure 13).

It should also be noted that results are computed at discrete frequencies, and if too few points are
used then the noisefloor risesin the time domain dueto the correlating nature of theinverse Fourier
transform in equation (50). The frequency step dictates the pulse repetition rate of the transformed
signal according to PRR = 1/fg,,, and should be chosen so that influential multipath components
arrive beforetherepetition rate elapses. The maximum dimension considered inthisreportis10m;
therefore, a frequency step of 10 MHz (i.e.,, PRR = 100 ns) is sufficient for two-dimensional
scenarios because the maximum delay is approximately 7, = (20% + 10?)"” + 3x10° = 75 ns.
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6. TIME-DOMAIN RESULTS

Time-domain results corresponding to previously specified geometriesare presented in this section.
First, we consider the worse-case scenario (i.e., f, = 900 MHz, BW = 600 MHz) by maximizing the
influence of low frequencies. This illustrates propagation effects in the time domain and their
influence on delay spread. Next, we shift the center frequency up into the next relevant bands to
demonstrate f, and BW dependence. Delay spread versus center frequency and bandwidth is
presented in order to assess the practical significance of errors associated with GO approximations
for indoor scenarios.

6.1. Impulse Responsesfor Wideband Signals Centered at 900 MHz

Impulseresponsesfor awideband signal centered at 900 MHz (i.e., .= 0.33 m) aregivenin Figures
14 - 19. Sincelow frequencies have the most influence, thisisthe worst scenario considered here.
The eight geometries used in the frequency-domain analysis were maintained in order to isolate the
near-surface and near-field effects. Given the large data set, a summary of basic observationsis
given to avoid unnecessary confusion:

1) Near theinterface(i.e., h < 0.1 mandz < 0.1 m), the direct and refl ected rays overlie each other
if the time resolution of the pulse cannot resolve the rays.

2) The presence of a specific ray depends on the observed field component (e.g., if h =z, then the
direct ray isbelow the noisefloor inE, for VED, H, for HED-TE, and E,and H,, for HED-TM).

3) Individual rays may be affected by the antenna pattern, by transmission into the dielectric half
plane, and by free-space loss (e.g., if h=zand p issmall, then the reflected ray fromaVED is
strongly attenuated by the source antenna pattern).

Near-surface effects are best observed at h =z=0.01 min Figures 14, 16, and 18. The blue curve
(i.e.,, GO + Norton term) isolates surface-wave effects. In the frequency domain, the surface wave
causes a sharp increase in field strength concentrated at d.c.; in the time domain, this corresponds
to araised noisefloor. Also, the surface wave has an exp(-jk,R,) phase dependence, arrives at the
observation point along with the reflected ray, and enhances signal strength at that delay. The green
curve(i.e., numerical evaluation of Sommerfeldintegrals) demonstratesthemoreinfluential pseudo-
lateral wave, which causes a delayed pulse near 37 ns. A simple calculation shows that a wave
propagating 5 m through concrete at (sp,) ™ = 1.34x10® m/s arrives at the observation point with a
37.4 nsdelay.

Asshown in Figures 15, 17, and 19, the reactive nature of the near field dominates for p < 0.1 m.
This is expected, as the separation is well within the carrier wavelength. When the direct ray is
observedinthenear field, GO error increases because the magnitude of thedirect pul seand thenoise
floor rise. For this frequency band, the geometric optics approximation fails for p < 0.1 miif the
direct ray is significant.

27



VED: h=10 m, z=10 m, p=5m VED: h=1m, z=1 m, p=5m VED: h=0.1m, z=0.1 m, p=5 m VED: h=0.01m, z=0.01 m, p=5 m
20 20 40

— 059ns
— 028ns _60 — 033ns
— o27ns — 03ns
— 029ns

|
_J‘”Mmm
o 20 40 60 80

o 20 40 60 80 o 20 40 60 80 o 20 40 60 80
T(ng Tlng t[ng T[ns
VED: h=10m, z=10 m, p=5m VED: h=1m, z=1m, p=5m VED: h=0.1m, z=0.1m, p=5m VED: h=0.01 m, z=0.01 m, p=5m

-40
— 142ns
— 035ns

60 — o03ns
-80 f

N

fe o) [cB]
o

fe L0F [6B]
fe L0 [0B]

o 20 40 60 80 o 20 40 60 80 o 20 40 60 80 o 20 40 60 80
T[ng T[ns T[ng T[ng
VED: h=10m, z=10 m, p=5m VED: h=1m, z=z1m, p=5m VED: h=0.1 m, z=0.1 m, p=5m VED: h=0.01 m, z=0.01 m, p=5m
80
~—— 043ns
— 033ns
— o03ns
]
d &
20 40 60 80 o 20 40 60 80 o 20 40 60 80 o 20 40 60 80
T[ng Tlng T[ng T[ng

Figure14. Near-surface effectsonimpulseresponsesof aVVED aboveaconcrete half space
(=900 MHz, BW~660 MHz, threshold=-30 dB). L egendsdisplay Sommerfeld,
GO + Norton term, and GO approximations to delay spread.

VED: h=10 m, z=10 m, p=10 m VED: h=10m, z=10 m, p=1m VED: h=10 m, z=10 m, p=0.1 m VED: h=10 m, z=10 m, p=0.01 m
[ 00

20 40 60 40 60 20 40 60

T[ng T[ns T[ng T[ng

VED: h=10 m, z=10m, p=1m VED: h=10 m, zz10 m, p=0.1 m VED: h=10 m, z=10 m, p=0.01 m
-80

Q

fe (t0f [dB]

20 40 60 80 0 20 40 60 80 o 20 40 60 80 o 20 40 60 80
Tlng] Tlng t[ng T[ns
VED: h=10m, z=10 m, p=10 m VED: h=10m, z=10m, p=1m VED: h=10m, z=10 m, p=0.1 m VED: h=10 m, z=10 m, p=0.01 m
o

20 40 60 80 0 20 40 60 80 o 20 40 60 80
Tng Tlng Tng Tlng

Figure 15. Near-field effects on impulse responses of a VED above a concrete half space
(f.=900 MHz, BW=660 MHz, threshold=-30 dB). Legends display Sommerfeld
and GO approximations to delay spread.

28



HED(TE): h=10 m, z=10 m, p=5m
-20

HED(TE): h=1m, z=1m, p=5m

HED(TE): h=0.1m, z=0.1m, p=5m

HED(TE): h=0.01m, z=0.01 m, p=5m
-40

— 1342ns
5 — 032ns _ — 264ns
0 — 03lns 60 — 029ns
_ — 031lns — n
fi - Ni e \‘JL\
o= 80 zs—loo / \\_
-100 ERRI -120 I !
-120 -140
o 20 40 60 80 o 20 20 60 80 o 20 40 60 80 o 20 40 60 80
T[ng T[ng Ting Tlng

HED(TE): h=10m, z=10 m, p=5m
0

HED(TE): h=1m, z=1m, p=5m

HED(TE): h=0.1m, z=0.1m, p=5m

HED(TE): h=0.01 m, z=0.01 m, p=5m
80

~—— 153ns
— 263ns
— 0.29ns
|
—
o 20 40 60 80 o 20 40 60 80 0 20 40 60 80 o 20 40 60 80
T[ng T[ng T[ng T[ng

HED(TE): h=10 m, z=10 m, p=5m

HED(TE): h=1m, z=1m, p=5m

HED(TE): h=0.1m, z=0.1m, p=5m

HED(TE): h=0.01 m, z=0.01 m, p=5 m

o 20 40

T[ng

80

Figure16.

40 60
tlng

T[ng

— 1207ns
— 3.25ns
— 03ns

tlng

Near-surface effects onimpul seresponses of an x-aligned HED abovea concrete

half space (f=900 MHz, BW=660 MHz, threshold=-30 dB, »=90°). Legends
display Sommerfeld, GO+ Norton term, and GO approximationsto delay spread.

HED(TE): h=10m, z=10 m, p=10m
-20

HED(TE): h=10m, =10 m, p=1m
o

HED(TE): h=10m, z=10 m, p=0.1m
0

HED(TE): h=10m, z=10 m, p=0.01m
00

T [ns]
HED(TE): h=10m, =10 m, p=10m
-80

20 40 60
T[ng
HED(TE): h=10m, z=10 m, p=1m

80

[ 20 40

Tng

HED(TE): h=10m, z=10 m, p=0.1m
-40

20

40
tng]

HED(TE): h=10m, z=10 m, p=0.01 m
0

60 80

’\

S

T(ng

20 40 60
tlng

HED(TE): h=10 m, z=10 m, p=1m

0 20 40
tlng

HED(TE): h=10m, z=10 m, p=0.1m

60

o 20 40
tlns

HED(TE): h=10 m, z=10 m, p=0.01 m
-80

60 80

[

(@
PO
5 8

h (toF (0B8]

0 20

40
Tng

60

0 20 40 60

Tlng

o] 20 40

Tlng

60

o] 20 40

Tlns

60 80

Figure17. Near-field effects on impulse responses of an x-directed HED above a concrete
half space (f=900 MHz, BW=660 MHz, threshold=-30 dB, »=90°). Legends
display Sommerfeld and GO approximations to delay spread.

29



HED(TM): h=10m, z=10 m, p=5m

HED(TM): h=1m, z=1 m, p=5m

HED(TM): h=0.1m, z=0.1m, p=5m
-40

HED(TM): h=0.01 m, z=0.01 m, p=5m
-40

— 142ns
L ~— 0.3ns - ~—— 12.28ns — 0.35ns
60 — 0.29ns 60 — 0.32ns — 03ns
_ — 0.29ns — o03ns _
g -8 [
120 -120
-140 -140
20 a0 60 80 o 20 40 60 80 o 20 40 60 80 o 20 40 60 80
Tlng Tlng t[ng T[ns
HED(TM): h=10 m, z=10 m, p=6m HED(TM): h=1m, z=z1m, p=5m HED(TM): h=0.1m, z=0.1 m, p=56 m HED(TM): h=0.01 m, z=0.01 m, p=6'm
0 — -40
—60 \
)
g € | g g
= = — = =
S Se-100 S S
-120
-140
o 20 40 60 80 0 20 40 60 80 o 20 40 60 80
T[ng T[ng T[ng T[ng

HED(TM): h=10 m, z=10 m, p=5m

HED(TM): h=1m, z=1 m, p=5m

HED(TM): h=0.1m, z=0.1 m, p=5m

HED(TM): h=0.01 m, z=0.01 m, p=5m

~—— 0.28ns
— o32ns
— o03ns
o 20 40 60 80 o 20 40 60 80
T[ng tlng

— 029ns

20 40

T[ng

— 034ns
— 035ns
— 03ns

40
tlng

60

Figure18. Near-surfaceeffectsonimpulseresponsesof anx-aligned HED abovea concrete

half space (f=900 MHz, BW=660 MHz, threshold=-30 dB, ¢=0°). Legends
display Sommerfeld, GO+ Norton term, and GO approximationsto delay spread.

HED(TM): h=10m, z=10 m, p=10 m HED(TM): h=10m, =10 m, p=1m HED(TM): h=10m, z=10 m, p=0.1m HED(TM): h=10 m, z=10 m, p=0.01 m
-40 -80 -100

20 40 60 80

T [ns]
HED(TM): h=10m, z=10 m, p=10m
-40

80 20 40
Ting

HED(TM): h=10m, z=10 m, p=1m

20 40
Tng

HED(TM): h=10m, =10 m, p=0.1m
50

60 20 40
tlng

HED(TM): h=10 m, z=10 m, p=0.01 m
100

| —_— ]

'[\— -

1

60

20 40 80
T(ng

HED(TM): h=10 m, z=10 m, p=10 m
-80

20 40
tlng

HED(TM): h=10 m, z=10 m, p=1 m

60

20 40
tlng

HED(TM): h=10 m, z=10 m, p=0.1m
80

60 80 20 40

tinsl
HED(TM): h=10 m, z=10 m, p=0.01 m
80

80

20

40
Tnsg

20 40

Tlng

60 20 40

T[ng

Figure 19. Near-field effects on impulse responses of an x-aligned HED above a concrete
half space (f=900 MHz, BW=660 MHz, threshold=-30 dB, ¢=0°). Legends
display Sommerfeld and GO approximations to delay spread.

60 20 40

Tlns

60

30



Interesting observations are found in the HED-TM results in Figures 18 and 19, in which the
observation points lie directly in the null of the x-aligned HED antenna pattern. As mentioned
earlier, the transverse field components (i.e., e, and h)) corresponding to the direct pulse are
attenuated due to the orientation of the dipole. Theradial component (i.e., e,) corresponding to the
direct ray, however, isinfluential due to near- and intermediate-field propagation.

Geometric optics predictions may be improved by including near-field terms when computing the
direct-ray field components. When considering an x-aligned HED at z=hand ¢ = 0°, the analytic
expression for E, corresponding to the direct ray is equivalent to E, of equation (48) with 6, = 0°.
For the geometry {(h[m], z[m], p [M])} ={(10, 10, 1)}, the direct ray was calculated via equation
(48), thereflected ray was cal culated viathe second term of equation (22), and the magnitude of the
individual rays along with the magnitude of their sum are displayed as a function of frequency in
Figure 20. Noticethat the near-field direct ray iscomparablein magnitudeto thereflected ray. The
two rays destructively interfere, as shown in grey, which agrees with the Sommerfeld solution in
Figure11. The magnitude of thedirect ray isfrequency sensitive, asshown in theimpul se responses
in Figure 20. At f. =900 MHz, the spread of the impulse response is dominated by the high noise
floor, which corresponds to the strong near fieldss near d.c. At higher frequencies the high noise
floor is avoided, but the near-field direct ray produces high delay spreads as its magnitude
approachesthemagnitude of thereflected ray. Giventheclose confinement of mostindoor channels,
it seemslogical to use the general expressionsto account for near-field effects on the direct ray.

6.2. Impulse Responsesfor Wideband Signals Centered at 2.4 GHz and 5.8 GHz

Appendices B and C show impulse responseresultsfor carrier frequenciesat 2.4 GHz and 5.8 GHz,
respectively, at maximum bandwidth (i.e.,, BW=1 GHz). Thewider frequency range producesmore
narrow pulsesinthetimedomain. Asshown by thedelay spreads, near-surfaceand near-field errors
were reduced significantly at higher center frequencies because low frequencies had lessinfluence.
These errors, however, are not negligible. Appendix D provides delay spread curves as afunction
of bandwidth for center frequencies at 900 MHz, 2.4 GHz, and 5.8 GHz. These plots demonstrate
that GO accuracy depends on frequency content and show caseswhere considerable GO error occurs
for signals as high as 5.8 GHz.
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6.3. Delay Spread Versus Bandwidth and Carrier Frequency

Thusfar, wehavedemonstrated significant GO error in practical indoor scenariosand itsdependence
on material composition, geometry, and center frequency. This section helps to determine under
what frequency conditions GO isvalid.

Figures 21 - 26 are contour plots of delay spread (from the numerical evaluation of Sommerfeld
integral s) versus bandwidth and carrier frequency. White areasindicate where negative frequencies
would be encountered. Figures27 - 32 are contour plots of percentage error (associated with the GO
approximation) versus bandwidth and carrier frequency. Percentage error isformulated as

GO, V|

Sv

T, T

% error 7, = 100 lSprTSpr , (51)
.S

spr

wherev standsfor therelativefield component. From these plotswedraw thefollowing conclusions
based on delay spread results of elementary electric dipoles above a concrete half space for typical
indoor dimensions and frequencies:

1) Surface-wave effects are significant for heights on the order of 0.1m or lessat BW > 0.6 f, for
TM fields radiated by VED and HED sources.

2) Pseudo-lateral-wave effects are significant for heights on the order of 0.0l mor lessat f,<1.8
GHz for E, fields radiated by a VED source, f. < 3.8 GHz for TE fields radiated by a HED
source, f. < 1.8 GHz for E, fields radiated by a HED source, and f. < 2.5 GHz for E, fields
radiated by aHED source.

3) Near-field effects are significant for separation on the order of 0.1 mor lessat BW> 0.6 f, for
transverse fields radiated by VED and HED sources.

4) Near-field effectsare significant for radial fields observed in the null of the antenna patterns of
VED and HED sources.

7. CONCLUSION

Inthisreport, we eval uated the error associated with GO predictionsfor indoor propagation models.
Our conclusions were based on results from the classical problem of elementary dipoles above a
lossy half space. Exact (i.e., Sommerfeld) and approximate(i.e., GO and GO + Norton surface-wave
term) formulations for vertical and horizontal dipole sources were summarized, and numerical
schemes for evaluating the complex integrals in the Sommerfeld formulation were given. Eight
canonical geometries were chosen to isolate individual propagation effects on relevant field
components. Most scenarios were limited to material properties appropriate for concrete and
physical dimensionsup to 10 m and assmall as1 cm. Resultswere given in both the frequency and
time domains.
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Figure24. Near-field effects on delay spread versus BW and center frequency for aHED
above a concrete half space (Hamming window, threshold=-30 dB, »=90°).
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Figure 25. Near-surface effects on delay spread versus BW and center frequency for aHED
above a concrete half space (Hamming window, threshold=-30 dB, ¢=0°).
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Figure 26. Near-field effects on delay spread versus BW and center frequency for aHED
above a concrete half space (Hamming window, threshold=-30 dB, ¢=0°).
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Figure 28. Near-field effects on % error delay spread versus BW and center frequency for a
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Figure 29. Near-surface effects on % error delay spread versus BW and center frequency for
aHED aboveaconcrete half space (Hamming window, threshold=-30dB, »=90°).
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Figure 30. Near-field effects on % error delay spread versus BW and center frequency for a
HED above aconcrete half space (Hamming window, threshold=-30 dB, ¢»=90°).
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Figure31. Near-surface effectson % error delay spread versus BW and center frequency for
aHED above aconcrete half space (Hamming window, threshold=-30 dB, ¢=0°).
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Figure 32. Near-field effects on % error delay spread versus BW and center frequency for a
HED above a concrete half space (Hamming window, threshold=-30 dB, ¢=0°).
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As expected, GO predictions agreed with the numerical approximations to Sommerfeld integrals
when the source and observation points were multiple wavel engths above the surface and multiple
wavelengths apart. By drawing the points close to the surface and close together, we were able to
isolateclassi c surface-wave and near-field effectsand observe an additional propagation mechanism
we call the pseudo-lateral wave. Frequency-domain observations are summarized as follows:

Surface-wave observations in the frequency domain

1) Surface-wave effects peak at d.c. and decrease sharply with increasing frequency.

2) Surface-wave propagation is more influential in TM fieldsthan in TE fields.
Pseudo-lateral-wave observations in the frequency domain

3) Pseudo-latera-wave effects are influential over a broad range of frequencies.

4) Pseudo-lateral-wave propagation is more influential in TE fieldsthan in TM fields.
Near-field observations in the frequency domain

5) Near-field effects peak at d.c. and decrease sharply with increasing frequency.

6) Near-field error depends on the individual propagation paths and field components.

7) Near-field effects are significant for radia fields observed in the null of the dipole antenna

pattern at observation points many wavelengths away.

These observations demonstrated frequency dependency and interesting el ectromagnetic behavior,
but they were fairly inconclusive; hence, we transformed the results to the time domain in order to
assess the practical significance of the propagation mechanisms.

Frequency domain results were translated into band-limited impulse responses. The frequency
content was specified by center frequency and bandwidth, and time dispersion was quantified via
delay spread. Time-domain observations are summarized as follows:

Surface-wave observations in the time domain
1) Surface waves create a pulse at the reflected-ray delay and increase the noise floor.
2) Surface-wave effects are significant for heights on the order of 0.1 mor lessat BW > 0.6 f_ for
TM fields radiated by VED and HED sources.
Pseudo-lateral-wave observations in the time domain
3) Pseudo-lateral-wave pulses are delayed according to the electric properties of the dielectric.
4) Pseudo-lateral-wave effects are significant for heights on the order of 0.01 m or less at
a) f.<1.8 GHz for E, fields radiated by a VED source,
b) f.< 3.8 GHz for TE fields radiated by a HED source,
c) f,<1.8 GHzfor E, fields radiated by a HED source, and
d) f.<2.5 GHz for E, fields radiated by a HED source.
Near-field observations in the time domain
5) Near-field effects increase the noise floor.
6) Near-field effects are significant for separation on the order of 0.1 m or lessat BW> 0.6 f_ for
transverse fields radiated by VED and HED sources.
7) Near-field effects can be predominant for radia fields observed in the null of the antenna
patterns of VED and HED sources.
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Conditions which cause the GO approximation to be invalid depend on the transmit and receive
antennas and their position, on the material composition of the reflecting surface, and on the
operational frequency band. General expressionsfor incremental electric dipolesaboveahalf space
have been provided to improve the accuracy of GO predictions by accounting for surface-wave and
near-field effects. More specificaly, the GO approximation may be complemented by the Norton
surface-wavetermsin equations (18), (21), and (22) when k R, » 1 and |k,| > |k,| and by the near-field
termsin equation (48) to model thedirect ray. Theseexpressions, however, apply only to el ementary
dipoles above a dielectric half space. Care should be taken when modeling actual antennas and
finite-thick reflection surfaces.

As demonstrated, pseudo-lateral wave effects can be severe. The leading terms of equations (43)
and (46) show evidence of the pseudo-lateral wave; these equations, however, are cumbersome and
require numerous derivatives and substitutions in order to acquire field equations. A more
mathematically rigorous derivation is necessary in order to provide a closed-form asymptotic
approximation to the pseudo-lateral wave.
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APPENDIX A: FIELD STRENGTH VERSUS FREQUENCY AND SEPARATION

-100

Figure A-1. Sommerfeld field strength of a VED above a concrete half space (h=2) versus
frequency and horizontal separation.
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Figure A-2. Field strength residual error of a VED above a concrete half space (h=2) versus
frequency and horizontal separation.
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Figure A-3. Sommerfeld field strength of a VED above a concrete half space (h#2) versus
frequency and horizontal separation.
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Figure A-5. Sommerfeld field strength of a HED above a concrete half space (h=z, 9=90°)
versus frequency and horizontal separation.
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Figure A-7. Sommerfeld field strength of a HED above a concrete half space (h#z, 9=90°)

versus frequency and horizontal separation.
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Figure A-9. Sommerfeld field strength of a HED above a concrete half space (h=z, ¢=0°)
versus frequency and horizontal separation.
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Figure A-10. Field strength residual error of aHED above a concrete half space (h=z, ¢=0°)
versus frequency and horizontal separation.
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Figure A-11. Sommerfeld field strength of a HED above a concrete half space (h#z, ¢=0°)
versus frequency and horizontal separation.

HED(TM): h=1m, z=10m

HED(TM): h=0.1m, z=10 m

HED(TM): h=0.1m, z=1m

HED(TM): h=0.01 m, z=0.1 m

2 2 10
8
15 15
— —_ —_ 6
x z x
o L) B
= = = "
0.5 0.5
2
0] 0 0
2 4 6 8 10 2 4 6 8 10
pm] p[m] p[m] p[m]
HED(TM): h=1m, z=10 m HED(TM): h=0.1 m, z=10 m HED(TM): h=0.1m, z=1m HED(TM): h=0.01 m, z=0.1 m
2 2 5 50
4 40
6 15 15
¥ ¥ ¥ - *
o 4 15 EC) <
= = = , = 2
0.5 0.5
2 1 10
—————— 0 et 0 0 o]
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
pm pml pm pml
HED(TM): h=1m, z=10 m HED(TM): h=0.1 m, z=10 m HED(TM): h=0.1m, z=1m HED(TM): h=0.01 m, z=0.1 m
2 10
8
15
- 6
5 1
e 4
0.5
2
0 o]

2 4 6 8
p[m]

2 4 6 8
pm

pIm

pIm

Field strength residual error of aHED above a concrete half space (h#z, ¢=0°)
versus frequency and horizontal separation.

Figure A-12.

52



APPENDIX B: IMPULSE RESPONSES FOR SIGNALSCENTERED AT 2.4 GHz

VED: h=10 m, z=10 m, p=5m VED: h=1m, z=1m, p=5m VED: h=0.1m, z=0.1 m, p=5m VED: h=0.01m, z=0.01 m, p=5 m
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Figure B-1. Near-surface effects onimpulseresponses of aVVED aboveaconcrete half space
(f.=2.4 GHz, BW=1 GHz, threshold=-30 dB). Legends display Sommerfeld, GO
+ Norton term, and GO approximations to delay spread.
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Figure B-2. Near-field effects on impulse responses of a VED above a concrete half space
(f=2.4 GHz, BW=1 GHz, threshold=-30 dB). Legends display Sommerfeld and
GO approximations to delay spread.
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FigureB-3. Near-surfaceeffectsonimpulseresponsesof an x-aligned HED abovea concrete

half space (f.=2.4 GHz, BW~1 GHz, threshold=-30dB, »=90°). Legendsdisplay

Sommerfeld, GO + Norton term, and GO approximations to delay spread.
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Figure B-4. Near-field effects on impulse responses of an x-directed HED above a concrete
half space (f.=2.4 GHz, BW=1 GHz, threshold=-30dB, »=90°). Legends display
Sommerfeld and GO approximations to delay spread.
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FigureB-5. Near-surfaceeffectsonimpul seresponsesof an x-aligned HED abovea concrete
half space (f.=2.4 GHz, BW=~1 GHz, threshold=-30 dB, ¢=0°). Legends display
Sommerfeld, GO + Norton term, and GO approximations to delay spread.
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Figure B-6. Near-field effects on impulse responses of an x-aligned HED above a concrete
half space (f.=2.4 GHz, BW=1 GHz, threshold=-30 dB, ¢=0°). Legends display
Sommerfeld and GO approximations to delay spread.
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APPENDIX C: IMPULSE RESPONSES FOR SIGNALS CENTERED AT 5.8 GHz

VED: h=10 m, z=10 m, p=5m VED: h=1m, z=1m, p=5m VED: h=0.1m, z=0.1 m, p=5m VED: h=0.01m, z=0.01 m, p=5 m
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FigureC-1. Near-surface effects onimpulseresponses of aVED aboveaconcrete half space
(f.=5.8 GHz, BW=1 GHz, threshold=-30 dB). Legends display Sommerfeld, GO
+ Norton term, and GO approximations to delay spread.
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Figure C-2. Near-field effects on impulse responses of a VED above a concrete half space
(f.=5.8 GHz, BW=1 GHz, threshold=-30 dB). Legends display Sommerfeld and
GO approximations to delay spread.
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Figure C-3. Near-surfaceeffectsonimpul seresponsesof an x-aligned HED abovea concrete
half space (f.=5.8 GHz, BW~1 GHz, threshold=-30dB, »=90°). Legendsdisplay
Sommerfeld, GO + Norton term, and GO approximations to delay spread.
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Figure C-4. Near-field effects on impulse responses of an x-directed HED above a concrete
half space (f.=5.8 GHz, BW=1 GHz, threshold=-30dB, »=90°). Legends display
Sommerfeld and GO approximations to delay spread.
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Figure C-5. Near-surfaceeffectsonimpul seresponsesof an x-aligned HED abovea concrete
half space (f.=5.8 GHz, BW~1 GHz, threshold=-30 dB, ¢=0°). Legends display
Sommerfeld, GO + Norton term, and GO approximations to delay spread.
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Figure C-6. Near-field effects on impulse responses of an x-aligned HED above a concrete
half space (f.=5.8 GHz, BW=1 GHz, threshold=-30 dB, ¢=0°). Legends display
Sommerfeld and GO approximations to delay spread.
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APPENDIX D: DELAY SPREAD VERSUSBANDWIDTH
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FigureD-1. Near-surfaceeffectsondelay spread versusbandwidthfor aVED abovea concrete
half spaceat f.=900 MHz (Hamming window, threshold=-30 dB).
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Figure D-2. Near-field effects on delay spread versus bandwidth for a VED above a concrete
half spaceat f.=900 MHz (Hamming window, threshold=-30 dB).
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FigureD-3. Near-surfaceeffectson delay spread versusbandwidth for aHED abovea concrete
half spaceat f.=900 MHz (Hamming window, threshold=-30 dB, »=90°).
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Figure D-4. Near-field effects on delay spread versus bandwidth for aHED above a concrete
half spaceat f.=900 MHz (Hamming window, threshold=-30 dB, »=90°).
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FigureD-5. Near-surfaceeffectson delay spread versusbandwidth for aHED abovea concrete
half spaceat f.=900 MHz (Hamming window, threshold=-30 dB, ¢=0°).
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Figure D-6. Near-field effects on delay spread versus bandwidth for aHED above a concrete
half spaceat f.=900 MHz (Hamming window, threshold=-30 dB, ¢=0°).
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FigureD-7. Near-surfaceeffectson delay spread versusbandwidth for aVED abovea concrete
half spaceat f.=2.4 GHz (Hamming window, threshold=-30 dB).
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Figure D-8. Near-field effects on delay spread versus bandwidth for a VED above a concrete
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FigureD-9. Near-surfaceeffectson delay spread versusbandwidth for aHED abovea concrete
half spaceat f.=2.4 GHz (Hamming window, threshold=-30 dB, ¢=90°).
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FigureD-10. Near-field effectson delay spread versus bandwidth for aHED above a concrete
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Figure D-11. Near-surface effects on delay spread versus bandwidth for a HED abovea
concrete half spaceat f.=2.4 GHz (Hammingwindow, threshold=-30dB, ¢=0°).
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FigureD-12. Near-field effectson delay spread versus bandwidth for aHED above a concrete
half spaceat f=2.4 GHz (Hamming window, threshold=-30 dB, ¢=0°).
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Figure D-13. Near-surface effects on delay spread versus bandwidth for a VED abovea
concrete half space at f,=5.8 GHz (Hamming window, threshold=-30 dB).

[ng]

©
»
N

IS

W

VED: h=10m, z=10 m, p=10m

VED: h=10m, z=10 m, p=1m

VED: h=10m, z=10 m, p=0.1 m

VED: h=10 m, z=10 m, p=0.01 m

Sommerfeld a 4
—— geometric optics
oz 3 o 3 =
) ) Z2
8 B y B 3
(AP (A "
1 1
o] o
o] 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 08 1 o] 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
BW[GHZ] BW[GHZ] BW[GHZ] BW[GHZ]
VED: h=10 m, z=10 m, p=10 m VED: h=10 m, z210 m, p=1 m VED: h=10 m, zz10 m, p=0.1 m VED: h=10 m, z=10 m, p=0.01 m
5 5
4 4
z° z° z
E 8 5 5
=7 (SN 5
1 1
o o
o 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 o 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
BW[GHz] BW[GHZ] BW[GHZ] BW[GHz]
VED: h=10m, z=10 m, p=10 m VED: h=10m, z210 m, p=1m VED: h=10 m, z210 m, p=0.1 m VED: h=10 m, z=10 m, p=0.01 m
5 5
4 4
z 3 z 3
25 25
2 2
1 1
o o
o 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 o 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
BW [GHz] BW[GHz] BW[GHZ] BW[GHz]

FigureD-14. Near-field effectson delay spread versus bandwidth for aVED above a concrete
half spaceat f=5.8 GHz (Hamming window, threshold=-30 dB).
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Figure D-15. Near-surface effects on delay spread versus bandwidth for a HED abovea
concrete half spaceat f.=5.8 GHz (Hamming window, threshold=-30dB, »=90°).
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FigureD-16. Near-field effects on delay spread versus bandwidth for aHED above a concrete
half spaceat f=5.8 GHz (Hamming window, threshold=-30 dB, ¢=90°).
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Figure D-17. Near-surface effects on delay spread versus bandwidth for a HED abovea
concrete half spaceat f.=5.8 GHz (Hammingwindow, threshold=-30dB, ¢=0°).
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FigureD-18. Near-field effectson delay spread versus bandwidth for aHED above a concrete
half spaceat f=5.8 GHz (Hamming window, threshold=-30 dB, ¢=0°).
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