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Abstract

A technique for modeling plane wave propagation through inhomo-
geneous media and plasma layers with different electron densities is pre-
sented. The technique is based on transmission line theory. Therefore,
a general technique is introduced for solving complex transmission line
systems. A data structure and algorithm for representing, and simul-
taneously solving for all nodes within the transmission line network is
presented. The method is based on representing the network as a recur-
sive tree structure and solving for the voltage, current, and impedance at
each node using recursive programming techniques. First, all frequency
dependent parameters within the tree structure are updated, then in a
post-order traversing of the tree, the impedance at each node are com-
puted followed by a pre-order traversing of the tree to compute node
voltages and currents. For plane wave propagation, the reflection coef-
ficient, the electric field and magnetic field are computed. The method
is applied to normal incidence but can easily be extended to oblique
incidence. A tapered transmission line model was used to verify the al-
gorithm. In addition, an example was provided verifying the ability to
compute the frequency response and impulse response of a system with
a plasma. Finally, the application of the technique to model the heat
tile and the plasma that develops on either aero-assist or spacecraft re-
entry is presented. This paper is based on work done at the Center for
Communication and Signal Processing (CCSP) at North Carolina State
University by the author in 1987. In addition, the paper presents work
which was supported by NASA Langley Research Center under Contract
NASI-1x925. The author was the Principal Investigator.
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Chapter 1

Introduction

In this paper we present a program for computer modeling and simulation of
plane wave propagation in an homogeneous media. The technique is based
on drawing an analogy between plane wave propagation and transmission line
theory. Next an algorithm for solving complex transmission line networks is
presented. This of course leads to the algorithm for solving for plane wave
propagation. The network is represented in the computer by a recursive bi-
nary tree data structure. Using recursive programming techniques, the node
voltage current, and impedance at each node within the tree structure is com-
puted. For plane wave propagation, the reflection coefficient, the electric field
and magnetic field are computed. In this manner, the frequency response of
the network, from the source node to the receiving node is computed. The
impulse response or the pulse response of the network is then calculated from
the frequency response using Fast Fourier Transforms.

Computer programs for modeling transmission line networks have been
written using ABCD parameters [5]. In this paper a technique in which the
frequency response is simultaneously obtained at all nodes within the network
is presented. This paper is based work done at the Center for Communication
and Signal Processing (CCSP) at North Carolina State University by the au-
thor in 1987. In addition, the paper presents work performed by [7] which was
supported by NASA Langley Research Center under Contract NASI-1x925.
The author was the Principal Investigator. The work was also published in [&].
A major objective of this paper is to bring all the work into single comprehen-
sive report. In addition, a lot of the original work was written in Word (1987)
and has since become unreadable. So, all the work has been converted to Latex
including equations and many of the original figures have been resurrected. For



the Latex file visit http://aj7bf.com .

Chapter 2

Plane Wave / Transmission Line Analogy

Consider the plane wave propagation problem illustrated in Figure 1. For this
geometry,

1

Incident
Plane Wave

H

y
Figure 1: Plane Wave Propagation
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Maxwell’s equations reduce to

dE, dH,

Tt = —jwuH, L= ek, 2)

These equations are similar to the differential equations for lossless transmission
lines,

Z—‘Z/ WLl g _ iwCv (3)
Hence, the theory used to describe propagation in transmission lines applies
equally well to plane-wave propagation. Next, consider the discontinuity at the
boundary between two different medium with different dielectric constants. See
Figure 2. This condition is similar to the discontinuity when two different
transmission lines with different characteristic impedances are connected to
each other as shown in Figure 3.

Incident
Plane Wave

Figure 2: Plane wave discontinuity
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Figure 3: Transmission line discontinuity

The analogy between transmission lines and plane wave propagation ( nor-
mal incidence) is summarized in the Table 1 . Note that the mismatch at the
discontinuity is represented by a reflection coefficient for each case.

Transmission Line | Svinbol or Equation Plane-Wave Svmbol or Equation
Quantity Quantity
Voltage \4 Electric field Ex
Intensity
Current I Magnetic field Hy
nfensity
Inductance per unit L Permeability w
length
Capacitance per unit C Permittivity €
length
Characteristic Zo= /L Intrinsic impedance N
impedance Ve N=N e
Phase-shift constant p=w/LC Phase-shift constant B=owVue
Velocity of v=_Ll_ Velocity of v=_L1_
propagation VLC propagation Ve
Reflection I = 71 - Zy Reflection r=2-m
Coefficient I+ 2y coefficient at Tty
boundry between
erand en)
Incident wave Pt = @ Incident wave +_ EJz
power 27y power density 2n

Table 1: Plane Wave/ Transmission Line Analogy [3]

A summary of plasma parameters of interest is shown in Table 2.



Permittivity, n electrons/cm3 e=goer=¢o (- 8}—“)

kHz
Intrinsic Impedance "= /E _ Mo
=V [1-8Ln
Vo
Propagation Constant y=o+jp=jo1 .Lloso/\/ 1-8ln
frnz
Group Velocity ve= do ¢ [ 81n
£ 2
dp KHz

Critical Frequency, e electron charge, m op = en

electron mass. meg
Introduction of loss due to collision el (.)13)
frequency,v. E= S{ - MJ
o)
Attenuation Constant o= None2v

T 2m (@l +v?)

Table 2: Summary of Plasma Parameters of Interest

Based on the above discussion we can solve the problem of plane wave
propagation through the system shown in Figure 4, by solving the equivalent
transmission line problem also shown. Therefore, we will focus on solving
general transmission line networks and return to plane wave propagation in a
later chapter.
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Figure 4: Modeling propagation through multiple layers as transmission line
sections

Chapter 3

Transmission Line Networks

Consider the basic problem of simulating pulse transmission through a loaded
transmission line. Assume that the pulse of interests is band limited with a
cutoff frequency of f.. We can obtain the pulse response by first computing the
frequency response of the network at equal intervals, then we perform a complex
multiplication of the frequency response of the pulse and the transmission line
network as calculated, and finally the inverse FFT of the result yields the time
domain pulse response. Actually, the impulse response can also be obtained by
computing the inverse FFT of the frequency response. Therefore, as a first step
in calculating the frequency response of the network, we analyze the network



response to a single sinusoid of frequency fy. Consider the loaded transmission
line connected to the generator E, through a source impedance Z, as shown
in Figure 5 [2].

—————» X

v(x), i(x)

x=0 x=L

Figure 5: Generator connected to loaded transmission line

The voltage and current at any point on the transmission line can be ob-
tained from the following expressions:

vsZy  _pl+Tpe 2o
v(z) = e "
Zo + 2. 1-_T.[e2L

v, . 1-Tpe

)= 07 T Tt

In the above expressions

v =/ (r + jwl)(g + jwe) (6)

is the propagation constant and

[r 4+ jwl
Zy = | —— 7
0 g+ jwe (M

is the characteristic impedance of the transmission line. The expressions
for the source and load reflection coefficients are,

Zr, — 2y
r,=2—2° 8
L Zr + Zy ()
Ze— Zo
SZ % ©

The expression for v(z) includes the superposition of all waves reflecting
from the source and load mismatches. This can be seen by a Taylor series
expansion of (4)

10
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v(z) = ;T()Z() [e™ 4T e 2 4T Dy VCLAn) L P2 P o= BL-2) L P2 P2, (BL4a) )
(10)

To obtain the shape of the pulse at the load we evaluate v(L) at frequencies
from f =0 to f = f. in discrete steps where f. is the cutoff frequency of the
band limited pulse. The number of points must be a power of 2 such that the
inverse FFT may be used to obtain the sampled pulse response at the load.

Consider now the case where the boundary voltage and current are known
on a section of transmission line. See Figure 6 . Evaluate v(0) in (4) and then
compute.

0(@) _ e L+ e ) (11)
(0) 1+ el
Also

i(2) _

e 1-— FLG_QW(L_'T)

i(0) 2 (12)

Thus, using (11) and (12) the voltage and current can be evaluated at any
point on the transmission line given the boundary voltage and current.

- - >
|
v(0) v(L)
i(0) —* —* i)
> x
x=0 V), 1) x=L

Figure 6: Section of transmission line with boundary voltages and currents

With the above preliminaries, we will examine the simple network in Figure
7 and present a methodology for its solution. In Figure 7, the nodes have been
labeled n1 through n5. To solve this network, that is to obtain the voltage and
current at each node and at any location within the network, consider equation
(4). This equation suggests that if the impedance at node nl was known then

11



the voltage and current at node nl can be calculated from the generator and
source impedance. Thus, the first step is to obtain the impedance at n1. This
impedance is seen to consist of the parallel combination of the impedance
looking into n5 and n2 from nl.

Figure 7: Example transmission line network
These impedances can be obtained by noting that (Figure 8),

| 4T pe2(Lm2)

Zin(®) = 7T o 20

(13)

z (0) z

Figure 8: Input impedance of a loaded transmission line

Thus, the first step is to calculate the impedances looking into n3 and n4
from n2. The parallel combination forms the impedance at n2. The impedance

12



at nl is thus calculated by the parallel combination of the impedances looking
into n2 and n5.

Therefore, the following methodology is suggested for solving the network.
In the first pass, starting from the three loaded end nodes, the impedances
are calculated and the parallel combination of these impedances at the parent
node forms the parent node impedance. Working backward in this manner,
the impedance at the root node (nl in the example) is calculated. Using (4)
the voltage and current at the root node nl is calculated. Using (11) and (12)
and the boundary voltages and currents, calculated at the parent node, the
voltage and current at each node in the network can be calculated. Note that
the current at each node is split into two currents flowing into each node.

In the case of propagation through layers of different medium, there are no
branches. This situation is highlighted in Figure 9. In this case the impedance
at node nj is computed first. Next, the impedance at node n4 is computed and
so forth until the total impedance looking into the network is obtained. In the
next phase, the voltage and currents are computed starting from the source,
node nl and moving towards the load.

Source

nl n2 n3 n4 ns
L L L L Load
L L L L

Figure 9: Network of cascaded sections

Chapter 4

Recursive Programming and Data Structures

To introduce the algorithm for solving a complex transmission line network, we
first consider the case where the network is limited to the binary tree structure
shown in Figure 10 . In the figure, the generator is connected to the root of
the tree through a source impedance Z,. The tree consists of nodes which are
either parents or leaves. A leaf is a node which is terminated on a load. For
example, n3, n4, n6, n7, n9, n11, and n12. Parent nodes have two branches. A
left branch and a right branch. Nodes n1,n2, n5, n8, and n10 are parent nodes.

13



nl2

Figure 10: Transmission line network as a tree structure

In general, each branch represents a transmission line with different char-
acteristics and lengths. Each section of transmission line is associated with the
node on which it terminates. Thus, the section of transmission line from the
generator to the root node nl is described in the data structure pointed to by
nl. This concept is described below. Each node has an associated data struc-
ture which occupies memory locations. A pointer can be defined which points
to the data structure in memory. As nodes are added to the tree, memory is
dynamically allocated for the data structure and a pointer is defined.

A detailed description of the algorithm to solve the binary tree represen-
tation of transmission line networks is available in [1] including using a TCL

14



script interpreter. The original work is documented in [2].

Chapter 5

Accuracy of Modeling Continuous Taper with Cascaded
Sections.

The purpose of this modeling and simulation is to determine whether the results
produced by the Transmission Line Networking Algorithm and Program(TransNetCalc)
for a transmission line with a tapered characteristic impedance converges to the

true solution as the number of sections is increased. In addition, it is desired

to determine the accuracy to be expected in a given simulation as a function

of the number of sections used in TransNetCalc. Consider the transmission

line in Figure 11 with an exponentially tapered characteristic impedance.

> x

ZO i Z(x) OJ
|<7 L ————»]

Figure 11: Exponentially tapered characteristic impedance transmission line

In our simulation we used a source impedance of 100¢2 and a load impedance
of 50012. Also, the total length L = 10m. We used sections of two wire cable
with geometry shown in Figure 12.

15



Figure 12: Two conductor parallel transmission line

The characteristic impedance is,

2D

Zo = 120ln(~) (14)

For the continuous exponential taper

In(Z) = % = In(Zy) (15)
(We note that using the symbol “L” for Load, Inductance, and Length, will not
be an issue hoping the context will provide identity). The exact differential
equation relating the reflection coefficient to location along the line is (Riccati
equation, see [4] )

dar . 1 d[ln(Zy1)]
— = 2T — (1 —T?)———=~
dx J2h 2( ) dx

The exact solution to this differential equation for the input reflection coefficient

for the case of an exponential taper is

(16)

r. Asin(%)

i Bos(EE) + j28sin(EE)

(17)

A2 5 (18)

L

In order to test the program TransNetCalc, we cascaded sections of two wire
transmission lines. The program TransNetCalc requires values of inductance
L and capacitance C.

Zo =z
L=227F (19)
Ve
c-_L g7 (20)
N 'UCZO L

where v, is the velocity of light in free space. In Figure 13 a comparison of
the results from TransNetCalc and the exact solution to the Riccati equation

16



is presented. The best comparison is in the Figure 14 which is a “zoomed in”
view of Figure 13 . A simulation was performed with 500 sections and the
result could not be distinguished from the exact solution. The conclusion is
that TransNetCalc produces the exact solution asymptotically as the num-
ber of sections is increased. The reason for this asymptotic exactness is that
TransNetCalc includes the effects of all reflections, not a simple approxima-
tion where second and higher order reflections are neglected.

Exponential Taper
Exact versus Computer Model (PropMod)

5.0
| — - =500 Sections
g 4.0 1\ Exact
5 11 —~ — -100 Sections
2 [ .
£ [ T A A R IO
s 3.0 7.\ 20 Sections
% L
- \
& 2.0 751
g L\
5 -
= 1.0 T \/ \~7 B i o
0.0 - |
0 5 10 15 20 25 30

Theta, Radians

Figure 13: Comparison of TransNetCalc Computer Model and Exact Result
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Exponential Taper
Exact versus Computer Model (PropMod)

1.2 T 500 Sections | — - ~500 Sections
B “\ Exact Exact
3 [ '::‘\/ .
s 1.1 A \\\ — — -100 Sections
9 L 20N R N .
g L / ooy e 20 Sections
£ i AN
- 1.0 — % / N
= [ / "
_c—'“; L 100 sections \\\ /
& 0.90 — ‘;\\ -
© [ ~
£ N /
<) g
= 0.80 I 20-Sections
0.70 - |
5.5 6 65 7 75 8 85 9 9.5

Theta, Radians

Figure 14: Zoomed In Comparison of TransNetCalc Computer Model and
Exact Result

Chapter 6

Computer Simulation Results for Plane Wave Propagation
Configurations with Plasmas

6.1 Plane Wave Propagation Through Plasma

In this section, the propagation of a radar signal through a medium with plasma
will be analyzed. Figure 15 shows a plasma sandwiched between two media
with dielectric constants €, = 1.0. A metal plate is placed against the second
slab. The electron density of the plasma is 3.16 * 10**e/em3 corresponding to
a critical frequency of 160 GHz.

18
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Figure 15: Plasma Propagation Model

The following material is from Gary Ybarra’s Ph.D. Dissertation [7]. The
principal investigator was Professor Sasan Ardalan and the NASA Tehnical
Officer was Mr. Robert T. Neece (NASA Grant NAG-1-1219).

Two cases are now presented. In the first case, the impulse response
over a bandwidth of 20 GHz at a starting frequency of 40 GHz is
considered. For the second case, the same bandwidth is used but
the beginning frequency is increased to 100 GHz. In both cases,
512 frequency samples were obtained, which provides 1024 points
in the resulting impulse response computed from a 512 point in-
verse FFT. The impulse response corresponding to the first case is
shown in Figure 16. The time domain data has been converted to
distance using the free-space velocity of propagation. In addition,
consideration of the two-way travel time has been provided in the
distance scale. Since the frequency span is 40 to 60 GHz, a strong
reflection is observed from the plasma whose critical frequency is
60 GHz. The range to the reflection is 20 cm, precisely as expected
from the channel geometry (Figure 15)[7].
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impulse response

0.20
0.0
-0.20
N
-0.40 reflecjon_fron
X air to plasma
L bowndary
-0.60
-0.80 distance
0 10 20 30 40 50 60 70 8o (cm)

Figure 16: Impulse response of electron plasma sandwitched between air slabs
and terminated in a metal plate. The starting freqiency is 40 GHz[7].

In the second case, the frequency span is from 100 GHz to 120 GHz.
The resulting impulse response is shown in Figure 17. Most of the
energy passes through the plasma because its critical frequency is
60 GHz. However, there are minor reflections due to the dielec-
tric discontinuities at the air/plasma interfaces. At 100 GHz, the
dielectric constant of the plasma is €, = 0.64. The resulting reflec-
tions are shown in Figure 17. The distance to the main reflection is
shown to be 40 cm which corresponds to the distance to the metal
plate as indicated in Figure 15. The velocity of propagation within
the plasma has been taken into account|7].

20



START FREQUENCY 100 GHz, BANDWIDTH 20 GHz

impulse response
0.20

reflgction  fr¢gm

r métal plate

0.100 . S
N Y S

0.0 F...reflebtion _ fron 7 ) IMV' A /’

t air fo plasma \/

bgundary / mlti-b refl

-0.20

3 reflectidn from

[ plasma; to air
-0.30 [ BHUrRRIArY
-0.40
0.50
-0.60 distance

0 10 20 30 40 50 60 70 80 (cm)

Figure 17: Impulse response of electron plasma sandwitched between air slabs
and terminated in a metal plate. The starting freqiency is 100 GHz[7].

The impulse response corresponding to the first case has a reflection due to
the plasma and the frequency span below the critical frequency. In the second
case, the impulse response has no reflection due to the plasma but is reflected
by the metal plate as the frequency span is higher than the critical frequency.

6.2 Radar Signal Plane Wave Propagation Through
Heat Tile During Re-entry or Aeroassist

The following is based on [8] which illustrates the application of the Plane Wave
Propagation approach in this paper to measure parameters in the plasma that
develops in re-entry or aeroassist. See Figure 18. To quote the paper:

The shuttle will deploy the AFE vehicle, which will then be acceler-
ated to atmospheric entry velocity. During the 600 s aeropass, the
high temperature in the proximity of the nonablating heat tiles will
generate a dynamic plasma. The friction created will slow the craft,
providing an aerobrake. Following the aeropass, the AFE vehicle
will attain a low earth orbit to be retrieved by the shuttle. One
purpose of this experiment is to ascertain the feasibility of using
the atmosphere as an aerobrake, which requires accurate measure-
ment of the plasma density profile. The plasma profile data will
be used to confirm or improve the flow field predictions made by
computational fluid dynamics.

21



Deploy From \\\ o @Retum to Earth Orbit

Shuttte /ﬁ@ \ for Shuttle Pick-up

Accelerate to £ @

Atmospheric Entry __~~" Simulate Geosynchronous
Return Aeropass

Figure 18: NASA Aeroassist Flight Experiment

Figure 19 shows the Radar measurement propagation path.

Antenna vacuum Heat Tile

Aperture
plane

R.C.G. Electron Plasma

Figure 19: Microwave reflectometer ionization sensor (MRIS) propagation
path.

There exist several predictions of the plasma density profiles that are to
be measured. One such prediction, based on Computational Fluid Dynamics
(CFD), is considered to be one of the better predictions presently available for
the plasma that develops. An example of a CFD predicted profile is shown in
Figure 20,
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Figure 20: Profile for 4 cm Standof Distance at 20 GHz Critical Frequency

The next set of results provides great insight into the behavior of the plasma.
Consider Figure 21 which shows the impulse responses obtained using the cas-
caded slab model for the Tile/RCG CFD profile system using 64 frequency
steps at 64 MHz intervals. Each impulse response corresponds to a different
starting frequency as indicated. The frequencies are stepped in 64 MHz incre-
ments up to 64 steps. Therefore, the bandwidth of each measurement sequence
is 4.096 GHz (64 x 64 MHz). See [7] and [8].
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Figure 21: Impulse Responses as the Starting Frequency is Changed ( BW =
64x64 MHz) Profile 20.4

A major application of the Plane Wave Propagation Modeling in this paper
is in probing the plasma that develops in spacecarft re-entry.

Figure 22: Apollo command module flying with the blunt end of the heat shield
at a non-zero angle of attack By North American Rockwell [6]
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Chapter 7

Conclusions

This paper presents a method to model and analyze plane wave propagation
including medium with plasmas. A tapered transmission line model was used
to verify the algorithm used to model the system. In addition, an example was
provided verifying the ability to compute the frequency response and impulse
response of a system with a plasma. Finally, the application of the technique
to model the heat tile and the plasma that develops on either aeroassist or
spacecraft re-entry was presented.
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Chapter A

Appendix

A.I Calculating Distance in the System

Since the program stores the data structure of the network, it is possible to
build an array which corresponds to the distance away from the source at which
various reflections occur. Thus, by taking into account the group velocity in
each medium and noting that we know the length of each layer, we can calculate
the time spent in each layer. Since dt is invariant, we can calculate the distance
corresponding to each sample through the following procedure:

26



/ *

* Code segment for calculating the distance corresponding to each refl
* sample in a layer

*/

if (!plasma) velocity =SPEED_OF_LIGHT/sqgrt (epsr);

else

velocity =SPEED_OF_LIGHT=*sqgrt (epsr);

/ *

* Calculate time spent in layer

*/

time = current_P->length/velocity;

/ *

* Calculate the number of samples that are reflected from this layer
* Factor of 2 corresponds to round trip time

*/

J = (int) (2.0 *time/dt + 0.5);

dist=0.0;

i=0;

for (33 = 1; 33 <= J; J3++) {

printf ("%$d %d length = %f vel = %e time = %e\n",plasmaFlag, Jj,
current_P->length,velocity,time );

dist += current_P->length/(float)j % 100.0; /* dist in cm =/
distance_A[i] = dist;

fprintf (prof_F, "$d\t%e\t%f \n",i,dist,epsr);

i++;

if (1 >= npts ) break;

}

ected

A.Il C Code for Distance Calculation

*

This routine is a special routine that creates

an array of distance corresponding to lengths of

different segments. The calculation adjusts the length for

the speed of light in the medium.

This routine ignores the right nodes and goes all the way to the
load. Also a file is created for the dielectric constant as a
function of distance

at a fixed frequency.

ERE R SR N

*

*/

void BuildDistance (root_P, distance_A,dt, freq,npts)
struct node xroot_P; /% pointer to node */
float distance_A[];

float dt;

float freqg;

int npts;

{

float n,epsr,eps,nu;

float dist;

float time,accTime,totalTime;

float velocity;

int plasmaFlag=0;

int 1,3,33;

FILE *prof_F;

27




struct node xcurrent_P; /x pointer to node =*/
prof_F = fopen("profile.dat","w");

if ( root_P == (struct node *) NULL ) RET;
totalTime = 0;

current_P = root_P;

dist=0;

i=0;

fprintf (stderr,"dt freqg npts %e %e %d\n",dt, freq,npts);
/ *

* go through layers

*/

do |

/ *

* check if plasma

x/

if (strncmp (current_P->typeName, "plasma",6) ==0 ) {
plasmaFlag = 1;

nu=current_P->r;

n=current_P->1;

epsr = 1.0-8le6*n/ (freg+freq);

if (epsr > 0) {

eps = EPSOx epsr;

} else {

eps = —-EPSOx epsr;

epsr=1.0;

}

}

else {

eps=current_P->c;

epsr = eps/EPSO;

}

printf ("$s epsr = %$e \n",current_P->name, epsr);
if (!plasmaFlag) velocity =SPEED_OF_LIGHT/sqgrt (epsr);
else

velocity =SPEED_OF_LIGHT*sqrt (epsr);

time = current_P->length/velocity;

j = (int) (2.0 xtime/dt + 0.5);

for (j3 = 1; 33 <= 3; 3j++) |

printf ("%$d %d length =%f vel =%e time =%e\n",
plasmaFlag, j,current_P->length,velocity, time);
dist += current_P->length/ (float)j % 100.0;
distance_A[i] = dist;

fprintf (prof_F, "$d\t%e\t%f \n",1i,dist,epsr);
i++;

if (1 >= npts ) break;

}

} while ( (current_P = current_P->left_P) && (i < npts)
if (i< npts) {

for (j=1i; Jj<npts; Jj++) {

dist += dt x= SPEED_OF_LIGHT x 100.0;
distance_A[]j] = dist;

fprintf (prof_F, "$d\t%e\t%f \n", j,dist,epsr);

}

}

fclose (prof_F);

}
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AJIIT C Code for TransNetCalc

For the C Code for the Transmission Line Network Calculation (TransNetCalc)
Program Visit:

https://www.ccdsp.org
also available at GitHub:
https://github.com/silicondsp/TransNet Calc

Bibliography

[1]

2]

13]

[4]

[5]

16]

7]

18]

Sasan Ardalan. In Modeling and Analysis of Transmission Line Networks.
Center for Communication and Signal Processing NC State University,
1987-2016.

Sasan Ardalan, Susan Alexander, and Ken Shuey. In Computer Modeling
and Analysis of Complex Transmission Line Networks. Center for Commu-
nication and Signal Processing NC State University, 1987.

Robert G. Brown, Robert A. Sharpe, Willliam L. Hughes, and Robert E.
Post. In Lines, Waves, and Antennas, Second Edition. John Wiley and
Sons, New York, 1973.

Robert E. Collin. In Foundations for Microwave Engineering - 2nd edition.
Wiley-IEEE Press, 1992-2001.

D.G. Messerschmitt. In Transmission line modeling program written in C.
IEEE Journal on Selected Areas in Communications,Vol. SAC-2, pp. 148-
153, January 1984.

North American Rockwell. In Apollo command module flying with
the blunt end of the heat shield at a non-zero angle of attack. NASA
http://spaceflight.nasa.gov/gallery /images/apollo/apollo8 /html/s68-
55292.html, 1 August 1968.

Gary Ybarra. In High-resolution target range estimation in inhomogeneous
media using millimeterwave radar. North Carolina State University, 1992.

Gary A. Ybarra, Sasan H. Ardalan, Chase P. Hearn, Robert E. Marshall,
and Robert T. Neece. In Detection of Target Distance in the Presence
of an Interfering Reflection Using a Frequency-Stepped Double Side-Band
Suppressed Carrier Microwave Radar System. IEEE Transactions on Mi-
crowave Theory and Techniques, VOL 39, NO 5, MAY 1991.

29



Chapter B

GNU Free Documentation License

GNU Free Documentation License Version 1.3, 3 November 2008

Copyright (©)2000, 2001, 2002, 2007, 2008 Free Software Foundation, Inc.
<http://fsf.org/> Everyone is permitted to copy and distribute verbatim copies
of this license document, but changing it is not allowed.

B.I 0. PREAMBLE

The purpose of this License is to make a manual, textbook, or other functional
and useful document "free" in the sense of freedom: to assure everyone the
effective freedom to copy and redistribute it, with or without modifying it, ei-
ther commercially or noncommercially. Secondarily, this License preserves for
the author and publisher a way to get credit for their work, while not being
considered responsible for modifications made by others.

This License is a kind of "copyleft", which means that derivative works of the
document must themselves be free in the same sense. It complements the GNU
General Public License, which is a copyleft license designed for free software.
We have designed this License in order to use it for manuals for free software,
because free software needs free documentation: a free program should come
with manuals providing the same freedoms that the software does. But this
License is not limited to software manuals; it can be used for any textual work,
regardless of subject matter or whether it is published as a printed book. We
recommend this License principally for works whose purpose is instruction or
reference.

B.II 1. APPLICABILITY AND DEFINITIONS

This License applies to any manual or other work, in any medium, that contains
a notice placed by the copyright holder saying it can be distributed under the
terms of this License. Such a notice grants a world-wide, royalty-free license,
unlimited in duration, to use that work under the conditions stated herein.
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The "Document", below, refers to any such manual or work. Any member of
the public is a licensee, and is addressed as "you". You accept the license if you
copy, modify or distribute the work in a way requiring permission under copy-
right law. A "Modified Version" of the Document means any work containing
the Document or a portion of it, either copied verbatim, or with modifications
and/or translated into another language.

A "Secondary Section" is a named appendix or a front-matter section of the
Document that deals exclusively with the relationship of the publishers or au-
thors of the Document to the Document’s overall subject (or to related matters)
and contains nothing that could fall directly within that overall subject. (Thus,
if the Document is in part a textbook of mathematics, a Secondary Section may
not explain any mathematics.) The relationship could be a matter of historical
connection with the subject or with related matters, or of legal, commercial,
philosophical, ethical or political position regarding them.

The "Invariant Sections" are certain Secondary Sections whose titles are des-
ignated, as being those of Invariant Sections, in the notice that says that the
Document is released under this License. If a section does not fit the above
definition of Secondary then it is not allowed to be designated as Invariant.
The Document may contain zero Invariant Sections. If the Document does not
identify any Invariant Sections then there are none. The "Cover Texts" are
certain short passages of text that are listed, as Front-Cover Texts or Back-
Cover Texts, in the notice that says that the Document is released under this
License. A Front-Cover Text may be at most 5 words, and a Back-Cover Text
may be at most 25 words.

A "Transparent" copy of the Document means a machine-readable copy, repre-
sented in a format whose specification is available to the general public, that is
suitable for revising the document straightforwardly with generic text editors
or (for images composed of pixels) generic paint programs or (for drawings)
some widely available drawing editor, and that is suitable for input to text
formatters or for automatic translation to a variety of formats suitable for in-
put to text formatters. A copy made in an otherwise Transparent file format
whose markup, or absence of markup, has been arranged to thwart or discour-
age subsequent modification by readers is not Transparent. An image format
is not Transparent if used for any substantial amount of text. A copy that is
not "Transparent" is called "Opaque".

Examples of suitable formats for Transparent copies include plain ASCII with-
out markup, Texinfo input format, LaTeX input format, SGML or XML using a
publicly available DTD, and standard-conforming simple HTML, PostScript or
PDF designed for human modification. Examples of transparent image formats
include PNG, XCF and JPG. Opaque formats include proprietary formats that
can be read and edited only by proprietary word processors, SGML or XML
for which the DTD and/or processing tools are not generally available, and the
machine-generated HTML, PostScript or PDF produced by some word proces-
sors for output purposes only.

The "Title Page" means, for a printed book, the title page itself, plus such fol-
lowing pages as are needed to hold, legibly, the material this License requires
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to appear in the title page. For works in formats which do not have any title
page as such, "Title Page" means the text near the most prominent appearance
of the work’s title, preceding the beginning of the body of the text.

The "publisher" means any person or entity that distributes copies of the Doc-
ument to the public.

A section "Entitled XYZ" means a named subunit of the Document whose
title either is precisely XYZ or contains XYZ in parentheses following text
that translates XYZ in another language. (Here XYZ stands for a specific
section name mentioned below, such as "Acknowledgements", "Dedications",
"Endorsements", or "History".) To "Preserve the Title" of such a section when
you modify the Document means that it remains a section "Entitled XYZ" ac-
cording to this definition.

The Document may include Warranty Disclaimers next to the notice which
states that this License applies to the Document. These Warranty Disclaimers
are considered to be included by reference in this License, but only as regards
disclaiming warranties: any other implication that these Warranty Disclaimers
may have is void and has no effect on the meaning of this License.

B.II1 2. VERBATIM COPYING

You may copy and distribute the Document in any medium, either commer-
cially or noncommercially, provided that this License, the copyright notices,
and the license notice saying this License applies to the Document are repro-
duced in all copies, and that you add no other conditions whatsoever to those
of this License. You may not use technical measures to obstruct or control
the reading or further copying of the copies you make or distribute. However,
you may accept compensation in exchange for copies. If you distribute a large
enough number of copies you must also follow the conditions in section 3.
You may also lend copies, under the same conditions stated above, and you
may publicly display copies.

B.IV 3. COPYING IN QUANTITY

If you publish printed copies (or copies in media that commonly have printed
covers) of the Document, numbering more than 100, and the Document’s li-
cense notice requires Cover Texts, you must enclose the copies in covers that
carry, clearly and legibly, all these Cover Texts: Front-Cover Texts on the front
cover, and Back-Cover Texts on the back cover. Both covers must also clearly
and legibly identify you as the publisher of these copies. The front cover must
present the full title with all words of the title equally prominent and visible.
You may add other material on the covers in addition. Copying with changes
limited to the covers, as long as they preserve the title of the Document and
satisfy these conditions, can be treated as verbatim copying in other respects.
If the required texts for either cover are too voluminous to fit legibly, you should
put the first ones listed (as many as fit reasonably) on the actual cover, and
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continue the rest onto adjacent pages.

If you publish or distribute Opaque copies of the Document numbering more
than 100, you must either include a machine-readable Transparent copy along
with each Opaque copy, or state in or with each Opaque copy a computer-
network location from which the general network-using public has access to
download using public-standard network protocols a complete Transparent
copy of the Document, free of added material. If you use the latter option, you
must take reasonably prudent steps, when you begin distribution of Opaque
copies in quantity, to ensure that this Transparent copy will remain thus ac-
cessible at the stated location until at least one year after the last time you
distribute an Opaque copy (directly or through your agents or retailers) of that
edition to the public.

It is requested, but not required, that you contact the authors of the Document
well before redistributing any large number of copies, to give them a chance to
provide you with an updated version of the Document.

B.V 4. MODIFICATIONS

You may copy and distribute a Modified Version of the Document under the
conditions of sections 2 and 3 above, provided that you release the Modified
Version under precisely this License, with the Modified Version filling the role
of the Document, thus licensing distribution and modification of the Modified
Version to whoever possesses a copy of it. In addition, you must do these things
in the Modified Version:

o A. Use in the Title Page (and on the covers, if any) a title distinct from that
of the Document, and from those of previous versions (which should, if there
were any, be listed in the History section of the Document). You may use the
same title as a previous version if the original publisher of that version gives
permission.

e B. List on the Title Page, as authors, one or more persons or entities respon-
sible for authorship of the modifications in the Modified Version, together with
at least five of the principal authors of the Document (all of its principal au-
thors, if it has fewer than five), unless they release you from this requirement.
e C. State on the Title page the name of the publisher of the Modified Version,
as the publisher.

e D. Preserve all the copyright notices of the Document.

e E. Add an appropriate copyright notice for your modifications adjacent to
the other copyright notices.

e F'. Include, immediately after the copyright notices, a license notice giving the
public permission to use the Modified Version under the terms of this License,
in the form shown in the Addendum below.

e G. Preserve in that license notice the full lists of Invariant Sections and re-
quired Cover Texts given in the Document’s license notice.

e H. Include an unaltered copy of this License.

e I. Preserve the section Entitled "History", Preserve its Title, and add to it an
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item stating at least the title, year, new authors, and publisher of the Modified
Version as given on the Title Page. If there is no section Entitled "History" in
the Document, create one stating the title, year, authors, and publisher of the
Document as given on its Title Page, then add an item describing the Modified
Version as stated in the previous sentence.

e J. Preserve the network location, if any, given in the Document for public
access to a Transparent copy of the Document, and likewise the network lo-
cations given in the Document for previous versions it was based on. These
may be placed in the "History" section. You may omit a network location for
a work that was published at least four years before the Document itself, or if
the original publisher of the version it refers to gives permission.

e K. For any section Entitled "Acknowledgements" or "Dedications", Preserve
the Title of the section, and preserve in the section all the substance and tone
of each of the contributor acknowledgements and/or dedications given therein.
e L. Preserve all the Invariant Sections of the Document, unaltered in their
text and in their titles. Section numbers or the equivalent are not considered
part of the section titles.

e M. Delete any section Entitled "Endorsements". Such a section may not be
included in the Modified Version.

e N. Do not retitle any existing section to be Entitled "Endorsements" or to
conflict in title with any Invariant Section.

e O. Preserve any Warranty Disclaimers.

If the Modified Version includes new front-matter sections or appendices that
qualify as Secondary Sections and contain no material copied from the Docu-
ment, you may at your option designate some or all of these sections as invari-
ant. To do this, add their titles to the list of Invariant Sections in the Modified
Version’s license notice. These titles must be distinct from any other section
titles.

You may add a section Entitled "Endorsements", provided it contains noth-
ing but endorsements of your Modified Version by various parties?for example,
statements of peer review or that the text has been approved by an organiza-
tion as the authoritative definition of a standard. You may add a passage of
up to five words as a Front-Cover Text, and a passage of up to 25 words as a
Back-Cover Text, to the end of the list of Cover Texts in the Modified Version.
Only one passage of Front-Cover Text and one of Back-Cover Text may be
added by (or through arrangements made by) any one entity. If the Document
already includes a cover text for the same cover, previously added by you or
by arrangement made by the same entity you are acting on behalf of, you may
not add another; but you may replace the old one, on explicit permission from
the previous publisher that added the old one. The author(s) and publisher(s)
of the Document do not by this License give permission to use their names for
publicity for or to assert or imply endorsement of any Modified Version.
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B.VI 5. COMBINING DOCUMENTS

You may combine the Document with other documents released under this
License, under the terms defined in section 4 above for modified versions, pro-
vided that you include in the combination all of the Invariant Sections of all
of the original documents, unmodified, and list them all as Invariant Sections
of your combined work in its license notice, and that you preserve all their
Warranty Disclaimers.

The combined work need only contain one copy of this License, and multiple
identical Invariant Sections may be replaced with a single copy. If there are
multiple Invariant Sections with the same name but different contents, make
the title of each such section unique by adding at the end of it, in parentheses,
the name of the original author or publisher of that section if known, or else a
unique number. Make the same adjustment to the section titles in the list of
Invariant Sections in the license notice of the combined work. In the combina-
tion, you must combine any sections Entitled "History" in the various original
documents, forming one section Entitled "History"; likewise combine any sec-
tions Entitled "Acknowledgements", and any sections Entitled "Dedications".
You must delete all sections Entitled "Endorsements".

B.VII 6. COLLECTIONS OF DOCUMENTS

You may make a collection consisting of the Document and other documents
released under this License, and replace the individual copies of this License
in the various documents with a single copy that is included in the collection,
provided that you follow the rules of this License for verbatim copying of each of
the documents in all other respects. You may extract a single document from
such a collection, and distribute it individually under this License, provided
you insert a copy of this License into the extracted document, and follow this
License in all other respects regarding verbatim copying of that document.

B.VIII 7. AGGREGATION WITH INDEPENDENT
WORKS

A compilation of the Document or its derivatives with other separate and in-
dependent documents or works, in or on a volume of a storage or distribution
medium, is called an "aggregate" if the copyright resulting from the compila-
tion is not used to limit the legal rights of the compilation’s users beyond what
the individual works permit. When the Document is included in an aggregate,
this License does not apply to the other works in the aggregate which are not
themselves derivative works of the Document. If the Cover Text requirement of
section 3 is applicable to these copies of the Document, then if the Document
is less than one half of the entire aggregate, the Document’s Cover Texts may
be placed on covers that bracket the Document within the aggregate, or the
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electronic equivalent of covers if the Document is in electronic form. Otherwise
they must appear on printed covers that bracket the whole aggregate.

B.IX 8. TRANSLATION

Translation is considered a kind of modification, so you may distribute trans-
lations of the Document under the terms of section 4. Replacing Invariant Sec-
tions with translations requires special permission from their copyright holders,
but you may include translations of some or all Invariant Sections in addition to
the original versions of these Invariant Sections. You may include a translation
of this License, and all the license notices in the Document, and any Warranty
Disclaimers, provided that you also include the original English version of this
License and the original versions of those notices and disclaimers. In case of a
disagreement between the translation and the original version of this License
or a notice or disclaimer, the original version will prevail. If a section in the
Document is Entitled "Acknowledgements", "Dedications", or "History", the
requirement, (section 4) to Preserve its Title (section 1) will typically require
changing the actual title.

B.X 9. TERMINATION

You may not copy, modify, sublicense, or distribute the Document except as
expressly provided under this License. Any attempt otherwise to copy, modify,
sublicense, or distribute it is void, and will automatically terminate your rights
under this License. However, if you cease all violation of this License, then your
license from a particular copyright holder is reinstated (a) provisionally, unless
and until the copyright holder explicitly and finally terminates your license,
and (b) permanently, if the copyright holder fails to notify you of the violation
by some reasonable means prior to 60 days after the cessation. Moreover,
your license from a particular copyright holder is reinstated permanently if the
copyright holder notifies you of the violation by some reasonable means, this
is the first time you have received notice of violation of this License (for any
work) from that copyright holder, and you cure the violation prior to 30 days
after your receipt of the notice. Termination of your rights under this section
does not terminate the licenses of parties who have received copies or rights
from you under this License. If your rights have been terminated and not
permanently reinstated, receipt of a copy of some or all of the same material
does not give you any rights to use it.

B.XI 10. FUTURE REVISIONS OF THIS LICENSE

The Free Software Foundation may publish new, revised versions of the GNU
Free Documentation License from time to time. Such new versions will be
similar in spirit to the present version, but may differ in detail to address
new problems or concerns. See http://www.gnu.org/copyleft/. Each version of
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the License is given a distinguishing version number. If the Document specifies
that a particular numbered version of this License "or any later version" applies
to it, you have the option of following the terms and conditions either of that
specified version or of any later version that has been published (not as a draft)
by the Free Software Foundation. If the Document does not specify a version
number of this License, you may choose any version ever published (not as a
draft) by the Free Software Foundation. If the Document specifies that a proxy
can decide which future versions of this License can be used, that proxy’s public
statement of acceptance of a version permanently authorizes you to choose that
version for the Document.

B.XII 11. RELICENSING

?Massive Multiauthor Collaboration Site" (or "MMC Site") means any World
Wide Web server that publishes copyrightable works and also provides promi-
nent facilities for anybody to edit those works. A public wiki that anybody
can edit is an example of such a server. A "Massive Multiauthor Collabora-
tion" (or "MIMC") contained in the site means any set of copyrightable works
thus published on the MMC site. "CC-BY-SA" means the Creative Commons
Attribution-Share Alike 3.0 license published by Creative Commons Corpo-
ration, a not-for-profit corporation with a principal place of business in San
Francisco, California, as well as future copyleft versions of that license pub-
lished by that same organization. "Incorporate" means to publish or republish
a Document, in whole or in part, as part of another Document. An MMC is
"eligible for relicensing" if it is licensed under this License, and if all works that
were first published under this License somewhere other than this MMC, and
subsequently incorporated in whole or in part into the MMC, (1) had no cover
texts or invariant sections, and (2) were thus incorporated prior to November
1, 2008. The operator of an MMC Site may republish an MMC contained in
the site under CC-BY-SA on the same site at any time before August 1, 2009,
provided the MMC is eligible for relicensing.
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