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NONUNIFORMLY COUPLED MICROSTRIP TRANSVERSAL FILTERS
FOR ANALOG SIGNAL PROCESSING

INTRODUCTION

Nonuniform transmission lines have been used in the past to
realize time domain waveforms in various measurement systems [1].
Delay lines with uniformly coupled sections as taps have also been
used particularly at low temperatures for broadband superconductive
analog signal processing circuits such as chirp filters [3-7].

Synthesis using nonuniform lines has been limited to discrete
step changes in impedance which are analyzed using traditional
ladder analysis [2] techniques. For coupled Tines step changes in
coupling act as frequency selective taps with resonances
corresponding to the uniform coupled section equal to odd multiples
of a quarter wavelength.

In this dissertation a method for analyzing continuous
variations in coupling between transmission lines based on the
relationship between coupling profile and time domain response is
developed. The Fourier transform relationship between taper profile
and frequency response for nonuniform transmission lines [8] is used

together with Sharpe’s equivalence principle [9] to realize a



coupled line transversal filter structure suitable for waveform
synthesis and signal processing. It is shown that realizability
limitations are minimal allowing generation of arbitrary, continuous,
finite-length responses.

The applications of nonuniform coupling are demonstrated by
numerical evaluation of representative practical chirp structures
designed using a procedure compatible with computer aided design. In
order to verify the theoretical results a set of simple experimental
circuits were designed and tested. The experimental results are

found to be in good agreement with theoretical predictions.



TIME DOMAIN ANALYSIS OF NONUNIFORM COUPLED LINES

In this chapter it is shown that the time domain response of
nonuniformly coupled transmission lines is directly related to the
coupling profile. The constant characteristic impedance coupled line
problem is reduced to the analysis of the equivalent nonuniform
transmission line associated with the even mode of excitation. This
equivalence translates coupling profile into taper profile, the even
mode impedance variation, which completely describes the coupled Tines.

Nonuniform transmission lines are readily analyzed in the
frequency domain through Bolinder’s taper profile -- frequency
response transform relation [8]. This analysis is extended to the
time domain by identifying the elements in the transform relation
that correspond to the impulse response. Upon integration a simpler

step response -- taper profile relation is obtained.

Equivalent nonuniform transmission line

Sharpe’s equivalence principle [8] asserts that an equivalent
pair of dual nonuniform transmission lines exists for every
nonuniform directional coupler that is electrically symmetric. It is
shown that for symmetric nonuniform coupled lines with constant

characteristic impedance, i.e., Zyo(2)Z,,(2)=Z, constant, the even



and odd mode characteristic 1inés,are the dual equivalent
transmission lines. This enables the even mode nonuniform
transmission line to completely describe the system.

A linear, lossless, symmetric four-port network (see Fig.1)
can be studied in terms of even and odd modes of excitation [10].
For the even mode of excitation (ajg=aze), b1e=b2e> b3e=bge, and
a3p=34¢0> and for the odd mode (ajp=-azq), b1o=-b20> bgo=-b3g> and
agg=-azo from symmetry. Writing explicitly the defining equations

for S-parameters using the above relations yields,

bie,o = (S11% S12) 3le,0 * (514 = 513) 3se,0

sp2 % 521) 2le,0 * (523 = 524) 3e,0 = *=P2e,0
1 = 542) 3le,0 * (544 = 543) 2ge,0 (1)

(
(
bge,o = (54
(s32 = 531) 3le,0 * (533 % 534) 3se,0 “*P3e,0-
In order to avoid confusion with two-port and four-port terms, the

even and odd mode 2x2 S-parameters are written as

= ' : .
ble,o| = r-e,o Te,0 a1e,o] (2)
bae, o Te,o Me,0] 2e,0):
f" ‘r. -I::v
R“%_____ é Rt b;i ?'Snsxzsxasl: al.;
NONUNIFORM, COUPLED bs _ SuiS=SmSzs 22
bm_ fs:usazs:msu ay
Rm% b3 Rl.‘l bé ;_sus*zswsﬁ oY
z;o z;L

Symmetry: R, = R, . R; = R,

Fig. 1  Nonuniformly coupled Tines as a four-port network with

associated S-parameters



Matching terms in (1) and (2) yields a system of equations
with solution:
.‘-e+r; [l T'e T T'etT'o .
[S] = & | Mol Metly TetT/ T T'o |- (3)
Te-To TetTo Meto Te Mo

| TetTo Te-To Me Mo Me*lo |
This equation will be used later for analysis of arbitrary

structures.

1 "
IN - THROUGH

COUPLED ;’ 7 ISOLATED

Fig. 2 Contradirectional coupling

The desired structure for synthesis is that of a matched
four-port, or contradirectional coupler. The unitary property of
lossless, linear networks requires that a matched four-port has one
port isolated. In microstrip or stripline structures the coupling is
backward-wave or contradirectional, see Fig.2. The condition of

matching requires $11=S22=533=544=0, therefore

fe =T o=y (4)
Isolation requires s31=s42=sl3=524=0, therefore
T = Too Tla = T, (5)

The simplified S-matrix is



(or, 0 T, [0 - o T4]
[S1= [Fe0 Tg 0 |=]| T, 0 T4 o0 [ (6)
0 T, 0 T 0 T, O -
| Te0 e 0] [T 0 1% 0]

The equivalent nonuniform transmission lines [9] are then

[Slaxz = [*512 S14} - [re,o T’e,o] (7)
S41 *S34
which are simply the even and odd mode transmission lines.

4
Te,o Me,o

The nonuniform coupled Tine problem is now reduced to the

synthesis of the nonuniform even mode transmission line.

Taper profile -- time-domain response relation

As early as 1950, Bolinder [8] identified a Fourier transform
relation between a nonuniform transmission line’s taper profile and
frequency response. The taper profile is the characteristic
impedance -- as a function of position along the 1ine -- normalized
by one of the termination impedances. This Fourier relation suggests
that taper profile is directly related to time domain response.

Time domain reflectometry and lattice diagrams [2] use the
relation suggested above for the stepped impedance case. Waveform
shaping has been demonstrated for stepped impedance variation [1].
The relation for impedance continuously varying has been neglected

although it is perhaps conceptually more fundamental.



The analysis of nonuniform transmission lines results in a
nonlinear equation without known solution. The theory of small
reflections is used to simplify to a linear relation [11].

Collin [11] makes the case that characteristic impedance loses its
usefulness as a single defining parameter under conditions of rapid
positional variation. Techniques that do not rely upon the
transmission line approximation are necessary for the large
reflection case. The starting point for the following derivation is
the result from the theory of small reflections expressed in

Bolinder’s transform relation.

1 L_Z.B( -y dlinZ (8)
F(z) =3 | o~2B(u-2) &L gy
A

where Z(z) is the taper profile ahd [(z) is the reflection
coefficient along the line. In this analysis r(z=0)=ré and therefore
521(w)=re(w)=r(z=0)=H(w) where H(w) is the transfer function of the
network. With a variable change

" _.m, din Z (9)
H(w) :éje-?.JBz _a_zll_ dz

0
Using the TEM approximation of constant velocity, the exponential

term is rewritten

exp[-2j8z] = exp[-jw(2z/v)]. (10)
Let t=2z/v, then dt=(2/v)dz, dz=(v/2)dt, t(z=0)=0, and t(z=L)=2L/v.
2L/v
- dlnZd (11)
0

which is the Fourier transform of the bracketed part,



h(t) = ¥[d(In Z)/dz]dz/dt 0<t<2l/v (12)
which must be the impulse response function.

The response g(t) to a unit step u(t) is computed,

NES (13)
g(t) = hH)*lﬂt)zjkﬂT)uH—T)dT
’ td InZd
) n yA
= [amar = 4 | S Far
0 -0
vt/2 7 z=vt/2
_ 1 (dln_ _ 1
=3 . dz dz = 3 InZ‘z=0
and finally,
g(t) = | % In Z(z=vt/2) 0<t<2/v (14)
¥ In Z(z=L) t > 2L/v.

The step response is the taper profile (scaled appropriately).



Nonuniform coupled Tines time domain response

For nonuniform coupled lines equation (14) applies to the
even-mode line and the odd-mode Tine is chosen such that the
characteristic impedance is constant (as previously described). That
is,

g(t) = [ 5 In Z,(z=vt/2) - 0<t<c2l/v (15)

¥ In Z,(z=L) t > 2L/v.

A first order approximation can be made for loose coupling.
Here Zy=1+aZ, where aZ,«1. A truncated Taylor series expansion
allows

In Z, A, (16)
and

g(t) = % aZg(z=vt/2) 0<t<2L/v. (17)
Any change in the even-mode impedance profile directly affects the

time-domain step response.
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APPLICATION TO WIDE BANDWIDTH ANALOG SIGNAL PROCESSING

Signal processing applications range from waveshaping in
digital electronics to sophisticated adaptive filters {n
communications systems. Modern system requirements are continuously
pushing the performance requirements of the processing components.
The emphasis in this dissertation is analog signal processing using
electromagnetic delay lines. Use of transmission lines as the delay
element has the advantage of extremely wide bandwidth although it is
difficult to implement long time delays as signals travel at the
speed of light.

An application of interest is the linear-frequency-modulated
filter. This filter is also known as a ‘chirp’ filter since the step
response is a linear sweep (up or down) in frequency. Chirp filters

are used in radar systems for pulse compression, see Fig. 3.

A —_— —
t B ! t ! ke
; t —®= UP-CHIRP ———®==  AMPL ———B=> .
{ i . ~ N
\,
A r__| —_— ) '
: t <«=—DOWN-CHIRP=#———  AMPL ——>

Fig. 3 Use of chirp filters for radar systems
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The radar pulse is first expanded in time by the dispersive
up-chirp filter. This allows greater gain to be used in the
following stages since instantaneous peak power is reduced. The
return echo is applied to a down-chirp which acts as a matched
filter and compresses the pulse. System dynamic range is improved.

Greater range resolution is achieved by shorter radar pulses,
therefore wide bandwidth is essential. Surface acoustic wave devices
are used but are limited in bandwidth to less than 1 GHz [12].
Transmission line structures achieve dramatically wider

bandwidth [6].

Superconductive tapped delay lines

The work at Lincoln Laboratory, Massachusetts Institute of
Technology [3-7], has demonstrated practical chirp filters using
superconductive tapped delay lines. Contradirectional couplers are
used as the taps, see Fig. 4. Each coupler is thought to be
quarter-wave resonant at progressively higher frequencies. The
higher frequency has longer round trip from input to output. A
linear group delay versus frequency (quadratic phase) relationship

is created. This is the characteristic of a chirp filter.



12

A
1 < +
INPUTo— Ajr‘*1, \__/— THROUGHPUT
2 — —
OUTPUT o~/ - \—3 ISOLATED

CONTRADIRECTIONAL
COUPLER

Fig. 4 Chirp filter using cascaded contradirectional couplers '

An alternative analysis follows from the results of the
previous section of this paper. Each coupling section results in a
step change in the time domain response. The step response is simply
a squared (signum) version of the chirp response [3-7],

g(t) = sgn{sin[(ut+w)t]} (18)
where w is the initial frequency and u is the chirp slope. '

The squaring of the response suggests that the filter
bandwidth is Timited by the 3/4 wave]éngth reentrance and that an
additional filter is required to strip off the higher frequency
components. This extra filter is mentioned in [3].

More recent reports [7] indicate that the discontinuity in
coupler strength generates distortions in the phase response and
amplitude ripple. Continuous variation in coupling will eliminate

these effects.
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Continuous tapping using nonuniform coupling

As a basis for general signal processing the architecture for
the transversal filter is presented in Fig. 5. The output is a
weighted sum of samples taken at T intervals. An a]tefnative
structure can be envisioned with delay lines in both the input and
output signal paths, see Fig. 6. If the taps are bidirectional then
small weighting values are required to minimize infinite impulse

response behavior.

j T . . T2 . - T ;.—-"...-: Tn
H i : o]

‘K Tie Vs vno.v-l/v ko
\ A
~ A ',". ’ 7 e
S
o
2

~.

™~

Fig. 5 Transversal filter architecture

Fig. 6 Alternative transversal filter architecture
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A nonuniform coupled line can be thought of as a transversal
filter with continuous taps. This is a limiting case with each delay
element bécoming infinitesimal in length and the number of elements
becoming infinite.

Loose coupling is required for two reasons. The finite impulse
response is desired to be dominant so the secondary coupling must be
kept small, see Fig. 7. The third order to first order ratio of
contributions allows reduction of secondary coupling effects to any
desired level of insignificance. Also, as an input signal travels
along the 1line it is depleted by the fractions being coupled to the

output. Loose coupling allows the approximation of non-depletion.

I )
- ) ]
— T /2 r_;’__; T‘/Z i
| i PRIMARY COUPLING ~ k
: B 3
+ g 1y ko SECONDARY COUPLING ~ K
|« SECONDARY -----evee- :
i ; ;

3—-— Tl/z — T2/2 ‘

Fig. 7 Infinite impulse response with bidirectional taps



A design method has been developed:
* Synthesize the coupling profile for the desired step
response.
* Use analysis (techniques to be discussed later) to
determine changes necessary to compensate errors in the

response.

The iterations do not interact and will quickly converge to the

desired response.

15
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ANALYSIS FROM ELECTRICAL PARAMETERS

The response of a nonuniform transmission line is approximated
by dividing it into uniform segments which are then cascaded. The
theory of small reflections insures convergence to a solution as the
number of uniform segments grows. Even mode and odd mode two-port
S-parameters are combined to obtain the four-port S-parameters.

The nonuniform transmission line is approximated by dividing
it into uniform segments [13]. The S-paraﬁeters for each segment are

calculated [14]. T-parameters are calculated using the relations:

T11 = (S12 Sp1 - S11 S22)/S21 (19)
T12 = $11/521 (20)
T21 = -S22/521 (21)
Te2 = 1/S1- (22)

The phase shift contributed by a uniform segment is cascaded with a
transition to the impedance of the next segment, see Fig. 8. The
segments are cascaded to form a composite T-matrix for the
nonuniform line. S-parameters are obtained from the resultant

T-parameters,

S11 = T12/T22 (23)
S12 = (T11 Ta2 - T12 T21)/Tp; (24)
Spy = 1/Tpp (25)

w
~N
~N

[
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Zi;:Zi’l [Sh = Zi_Z-i-+1lz"Zi Ziet Zis1=Zi |

1 ;Ziﬂ"'zi Zi—l’Zi]’

[TJb =22.—Z:*_ Zi-1=7; it !

-

ZiTo_;Zi*l [T] = [Tl [T]y

BL » .
_ 1 _[‘.Ziu"'zi)e fBL (Zi-l-Zi)efBLl
2.7 Ziol(Zie1=2e Bt 2 +Z)8'BY

Fig. 8 Characteristics of the uniform segment

The program ’‘sin.c’ uses the above method to analyze
nonuniform transmission lines from electrical parameters
[Z,(2),B(z)] which are included as functions in the program. A
number of TEM [B(z)=constant] structures were simulated in this
manner. The impulse response h(t) was obtained by inverse Fourier
transform. This was then integrated to obtain the step
response g(t).

A short sinusoidal response was analyzed using a small number
of segments, see Fig. 9. The jagged regions correspond to the
uniform segments. A finite number of frequency points were computed
so the response is band-limited. With more frequency components the
uniform segments would correspond to flat regions of the step
response. A smoother version of this response was generated using a

larger number of segments.
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Fig. 9 Four periods of a sinusoid with small number of segments
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Fig. 10 Simple chirp response

A simple chirp response is shown in Fig. 10. In this example

the change in even mode impedance is sinusoidal with quadratic
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phase,
Zy = 2y + [(Znax-Zo)/2] [1-cos(ux?/v?)]. (27)
The impedance variation was limited to ten percent so that the
approximation of equation (17) is valid. This is a chirp with zero
initial frequency, the response shows an unlimited number of

octaves. A somewhat longer chirp is shown in Fig. 11.

m

step response
)
1

i 1

0 time

100 ns

Fig. 11 Longer chirp -- initial frequency=0

A response comparable to that demonstrated with discrete
coupling [3-7] is shown in Fig. 12a. Approximately 100 ’periods’ of
chirp over an octave bandwidth centered at 3 GHz are visible. The
duration of the response is 30 ns giving a time-bandwidth product of
60. The expanded sections, Fig. 12b-d,e show a very clean waveform
with continuous variation in frequency and no visible distortion. No

Tow pass filter is required.
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Fig. 13b Squared version of practical chirp: expanded view

the input signal has increased. The squared response is clearly
shown in the expanded view of Fig. 13b. A Tow pass filter is
necessary to obtain the desired response. This limits the bandwidth

as previously discussed.
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ANALYSIS FROM PHYSICAL PARAMETERS

The analysis of the previous section is needed as a design
tool but more complete analysis is required to predict the response
of a physical structure.

Accurate closed form equations for frequency dependent even
and odd mode impedances are available for microstrip [15]. Program
‘ntaper.c’ uses these equations (found in include ‘ms.h’) to
determine S-parameters for a nonuniform microstrip from physical
dimensions. The width of the microstrip as a function of position is
described as any nuﬁber of linearly tapered sections which are
specified by length and end widths. Each linear section is

divided into uniform segments for cascade analysis.

~
-

1 1) 1 1 1 1 1 1 |

Step response

| I Y |

| R T S T | -
QU‘-&QND—O'—'NG‘UMQGOO

0 time 3.5 ns

Fig. 14 Short chirp even mode equivalent Tine simulated response
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An even mode equivalent line for a very short chirp response
was analyzed. The simulated structure is described in the next
section. The response in Fig. 14 reveals a design error (peaks not
equal in amplitude) that was not eliminated. Computation time for
analysis from physical parameters is long as each uniform segment
requires calculation of electrical parameters from the extensive
closed form equations [15].

The program ‘ncplms.c’ determines four-port S-parameters for
nonuniformly coupled microstrips from physical dimensions.
Additional terms describing the strip spacing at the end points is
required for each linear section. Effects of velocity mismatch
(between even and odd modes) and impedance variation (Z,, Z,,<>Z,)
are accounted for in this analysis.

The response for the short chirp coupled microstrip structure

is shown in Fig. 15. Deviations from design are minimal.

22

20 -
T A
16 - I
14 4
12
10
6
.
2—

0
-2 -
-4 - s

time

step response
@
L

2.8 ns

Fig. 15 Short chirp nonuniformly coupled lines simulated response
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RESULTS FROM EXPERIMENTAL STRUCTURES

Microstrip test structures were fabricated, see Fig. 16. The
substrate used was 30-mils thick with a relative dielectric constant

of 2.20. Low dielectric constant material was chosen to reduce the

effects of velocity mismatch.

lines

\ _/ Nonuniform coupled

/ N\

Even mode equivalent
line

Double linear taper

Fig. 16 Microstrip test structures (5.0 inches actual length)

The original pattern was cut by hand from rubylithe at
10x scale. The variation in width for the even mode equivalent line
is not apparent in Fig. 16 and is not much more than the errors
introduced by the Timitation of manual dexterity. The coupled line
spacing is p]aiﬁ]y discernible and relatively accurate. Some
variation in conductor width occurs but coupling profile should

dominate the response. The double linear tapered line has

large (50%) variation in impedance.
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S-parameter measurements were made using an Hewlett-Packard
8510 Network Analyzer. Time Domain measurements were made using a
Tektronix 11801 Time Domain Reflectometer system.

The step responses derived by inverse Fourier transform of the
Network Analyzer data are shown in Figs. 17-20. The TDR results are
shown in Figs. 21-24.

For all cases discontinuities occur at the connectors. For the
coupled line cases the unused ports were terminated in 50 ohms.

Given the relatively poor fabrication tolerances the results
are acceptable. Good correlation is seen between simulation and
measurement. Conductor loss is a possible source of discrepancies as

it was not accounted for in the simulations.

40
35 - Al\
30 +

25 o

20 <

step response

15
10

. A

0 . 3.5 ns
time

Fig. 17 Even line response from HP8510 data
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Fig. 20 Linear taper response from HP8510 data
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CONCLUSION

The approach to design of nonuniform coupled lines presented
here has been demonstrated to be useful. A verification analysis
technique has been shown to predict with reasonable accuracy the
results from measurements. The structures were tolerant of minor
fabrication errors.

The application of structures based on the techniques
presented are limited to signal processing and waveform synthesis.
Practical implementation in either case requires low loss
transmission lines that can only be achieved using superconductors.
The recent advances in high temperature superconductors suggests
that more general applicability remains possible for the future. At
present the only known application area is for chirp filters in
radar systems and real-time spectrum analysis.

Further investigation in this area might include extending the
analysis method to account for loss mechanisms and examining the
possibilities for synthesis of structures normally specified in the
frequency domain (e.g., wide bandwidth couplers).

Ultimately these methods are limited by the transmission line
approximation and associated theory of small reflections. When
characteristic impedance contains insufficient information to
characterize the line more sophisticated electromagnetic analyses

(e.g., moment methods) become necessary.
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Appendix A: Program listings

This appendix contains Tistings for the programs used in this
research. All programs were written in ‘C’ using the AZTEC C
Compiler on an IBM AT style computer. The only libraries used were
the standard input/output and mathematics files. The code should be
easily portable to other machines.

Program ‘ntaper.c’ (p. 37-40) analyzes nonuniform microstrip
from physica1'dimensions.

Program ‘ncpims.c’ (p. 41-44) analyzes nonuniformly coupled
microstrips from physical dimensions.

Program ’sin.c’ (p. 45-49) analyzes nonuniform transmission
lines from subroutines containing impedance and phase constants as
functions of position.

Include file ‘ms.h’ (p. 50-51) is a C-language adaptation of
Kirschning & Jansen’s microstrip equations.

Include file ‘cmath.h’ (p. 52-53) contains all the complex
mathematics functions used.

Program ‘fft.c’ (p. 54-55) is the program used for inverse FFT

computation.



g Pr‘oﬁram * '\{o{u’. I

This prcaram wag written as part of the research for

an M5 Thesis by Lecnard Havden, Oreqon State Lniversity,
1983. All rights are reserved, do not use without
permission.

This program comoutes the two-port S—paramters for a
nonuni form micrestripline. The phvsical line
is separated into sections with linear physical taper.
Each section is divided into a nurber of uni form seoments.
The T-parameters are determined for sach segment, then
cascaded by miltiplyina matrices. The resultant T-matrix
is ccaverted to S—parameters. This methcd was described
im
"Investiqation of tapered multiple microstrip lines for
WMSI circuits” Mehalic, Chan, and Mittra from the
Electromaonetics Ccamunication Laboratery, University
of Illincis, Wrbana. 1388 IEEE Microwave Theory and
Techniques Symposiun Digest, page 215.

/

# incluwde “stdio.h"
# incluwde "math.h"
# include “cmath.n
# 1nclude “"ms.h*

/e
“cmath.h" includes all the camolex mumber declarations
and rcutines. "ms.h" is a c-lawuage adaptaticn of a
basic prcaram (Kirschning & Jansen, lEEE Transactions
MTT-1904 with revisicns) that calculates microstrip
electrical parameters from physical dimensions (curve fit).
«/

struct MATRIX(

struct COFLEX el(2)(2)s
Jemat _mul )3

struct CHMATA(

struct COMFLEX el(a)(4];
Imaaphase()

struct 26¢

struzt COMHLEX a,b,ct

int n;

b

# define C_LIGHT Je@

# define maxsections 100 -
float eoosr.stbht.soacinq.w(mxsecticns].):p(na;secnms)y
Vi

rel diele: constant and heioht of sbstrate, cdumy, line width at

each ncticn between linear secticns and locaticn of pnction
./
int nls,nsealmaxsectionsl;
/7
no. of lin secticns and no. of seoments per section
./

main()

<

float f_mn, f_maxg

extern float eppsr, subht,s0acinajl
extern float wImaxsections), xpimaxsecticnsld;
float freqs

int i, Jik, flag,no of pointsa;
evtern int nls,nsealmaxsectionsly
struct (MATS sg

atruct CMATFIX qet _s_paramd),sed
struct COMFLEX 3

char file(B)]), #fnms

FILE #fnames

/=
Input section
./

prantf(“Analysis of linear tapers Wl —> W2 —> W03 ..:..\n\n")|
prantf("Enter substrate relative dielectric constantt®)y
scanf(“L1", teposr)y - .

print {("Enter substrate hewght (thackness) in mm )3

szanf ("1, Asbht) o R
printf{("Enter fmn, fmax. meber of paants {frequency in Gt I\n")g
scanf (AL, 71,707 A man, & T max, v of points);

f mins{ mnsle+In

{ maxaf maxelevdss

prantf( Enter catout file names™)|

szanf(V/s", fales: . .
praintf("Enter muber of linear sections:™))

szanf("7d",'nls);

wo(0)=0.3

prant L pcaiticn=r (xs) — entev width (ncemalized by substrate hmoht):™)g

scanf ("1, tal0)) s
snac N0t §

fcr (i=)l3i<mmlsgiee)

LS



<

print f(“enter width (normalized) at far end of linear section W/d:",i); prantf C"\r%23.2e %9.d4le 7S.11f %3.4le 7S5.11¢ %3.4le ¥5.11¢ %3.4le 75.11 f\n",
ascanf (“Z1", (i)}

printf(“enter pcsiticn (in meters) at far end of linear section W/d:", 1)} freq,

s-anf (“Z1", %001 D ) )

printf("enter number of uniform seqrents for linear secticn W/di",i)} 5@.21(01(0).real , se.el (01(0]). imaa,

scanf ("7d" . tnseali D} X )

) s@.21(01(1]).real,sa.e1(01(1).iman,

se.el(1)(0).real,se.el(1)(0).imaq,

I
Start of analysis so.el(1)(1].real,se.e1(1)(1).imaq)}
./
printf( X
"; freq siim.p S1lom.p s2im,p....\n"); imfclosetfnane);
prant f(*isZd",i)s
fname=fcpen(file, "w')s )
for int f (fname, "Zd\n" ,no_of points)3
/e
Output file format has no. of points as header struct (MATRIX get s params(freq, flaaq)
-/ float freap
int flaaj
for (i=03i<no of paintsji+) < )
extern int nls,nsealmaxsecticnsl;
¢ struct COMFLEX gavvma 1.z 2.7 13
struct CMATRIX t_acc.delta t,s conv(),get dt O
freq=f_min+ ((f_max—f min)#i)/(no_of points-1)} struct COMFLEX Zdiv, sum. di 1, egammal . emgammal §
- = - struct 26 z_ocamma(), 203
110003 int secticn,seament;
H y ]
/% “single line analysis—hang—over frcm called line analysis #/ struct COMFLEX 2 (), aammal)}
.se=oet s params(freq, flaq): double #length,delta_l,z23
/% ccaoute s-parameters #/ e
forint f (fname, "73.41e %9, 41e\n", se.el (0}(0l.real , s2.el (0)(0]. imaq)} Imtialize source termnation impedance to 5O chs
/% wites point (S11 real, imag) to file -/ -/ o
secticn=1}
k=0 k< 2 k3 seoment =i
for th<zs Zz=cabstz (recticn, seommnt, frea. flag))s
9 1428 j++r < t_azc.el (00l . real =« exz o/ (Jasgri (i), #22) ) g
for Cimi 1223) t_azc.el (0I(0), 1maa=0. 1
1. t_ac.ellol(1l.real mz2—200, )}/ (2esar t (S, a2 3}
rese.el (k1)1 t_ acc.el(0O)1).1ma0=0, 3
se.el Ck1( 1. real mcabs(r g t_azc.el(130)=t acc.ellD1ds

t_acc.el(1)(1l=t acc.el(0ION:
se.el (k1 j1. imag=phasetr);

I
iterate thrauch all sections and seoments
? w/
:. ccnvert real,imag to mag,phase #/ for tsectica=lisacticnianls;secticne+)(
. . .

for (seament =03 seament nsralsecticn i seanrnt «+ i (
if (seament==1) printf( L3 L N H
if (seament>Q) prantf{("\b"i; /» barkapace character #/

8¢



if (seqment>10) printf(“\b");
if (seament>100) printf(“\b")}
if (seament>1000) printf (“\b")}

/,

/% print segment murber as status line #/
print f("7d",seament )}

/7%
petermine endocint imoedances and averace beta-ell for seament
./
pm_lwm(secticn.mt, freq, flag)}
z_1=z(secticn,seament, freq, flaady
z =2 (secticn,seament+l, freq, flaa)s
delta_l=(m(se:ncn]—xu(se:tim—l))/nseqtsecnm);
gamma_1=cmul (complex(0.5) ,cadd(oammna _1 ,gamma(section, segment+1, freq, flaq)))g
qamma_l=cmul (ganma_l ,complexi(delta_1))y

/% intermediate calculaticns #/
zdivacsart (cmul (2_1,2_2))3
zdiv.real=zdiv.real #2,;
zdiv.imag=zdiv.imaa#2.}

¥ sumecdivicaddiz 1,z 2),2div);
di ff=cdivicsb(z 2,2 _1),2divi}

¢ eqammal =cexp(oamma_1);

: emgammal acexp(cneaganma_l1));

‘

/% determine delta—T matrix #/
delta_t.el (0)(0)=cmul (sum, emnammal )1
/' delta_t.el(0)(1)=cmul (diff.emaammald;
delta_t.el(11(0}=cmul (di ff, eaammal )3
delta_t.el (1301 )=cmul (sum,eaammal ) §

/% cascade transmission netwrks «/
t_ac<=cmat_nul(t_a:c,delta_t);
)}
)

+

[

/%

! Complete with load terminatica of S0 chms
./

zz=cabsizinls.neealnls), freq, flaa))g
delta_t.el(l)]((b].real=\5'l.*z:l/(Z.DsQrt\:iZl.szJJl
'delta t.el (GI(0).imag=th; “
nelta‘t.el(!Zl](l].real=lEA’.).—'zz)/(2.¢sarN5).~zz)):
‘deita t.el (0)(1).ima0=0.;

delta t.el(13(0)=delta_t.el(DI(1];

delta_t.el (1)(1)=deita t.el (03(0);

‘t_acc=umat _mul (t_acc.delta t)s

_ 'return (s_ccov(t acc) )y
b

struct CMATRIX s_conv(t_acc)
:tru:t CMATRIX t acci

/=

Cenvert T-matrix to Sparameters
“/

struct CMATRIX =3

8.e1(0)(0)=cdiv(t _ acc.el(0)1).t _acc.el(13(1D);

5.l (0)(1)=csb(t_acc.el (00, cdivicmil (t_acc.el(01(1],
t_acc.el(1)(0)),t acc.el(1)(1));

€.el1(1)(0)=inv(t acc.el(11(1));

s.81(1)(1)=xneatcdiv(t_acc.el(1)(0),t_acc.e1(11(1));

retuwrns);
M

struct (OMLEX camma(section, seament, freg, flag)
int seition,seanent, flaa;

float freq;

<

/%
Determne provacaticn constant at oiven location

, us1nNg physi1<al gecmetry and curve—fait rcutine
»,

struct MS mscuts

struct COMLEX oams:

float width();

extern flocat eposr,=mbht.soaninm:
m_t-nstnps(eoosr.scbht.umthu:mtlcn.mt).saamnq, frea. flaq);
aam, imaq=2. sF ]+ fregesart (msout.el (0))/C LIGHT)

aam.real=Q, ;

retwrniaam)
)}

struct COMFLEX ztsecticn,spament, frea, flaa)
int saiticn. seament, flaal

float freaq;

<

7%
Deteymne 1moedance at o1ven lccaticn usiNg phvsical
Qezaetry and curve-fat rcutine

“/

6¢



struct PMS mscuts

struct COFLEX imos

float width();

extern float eppsr,subht, spatinal

mscut=mstr ipstenpsr . subht, width(section. seament ), spacing, freq, flaa);
imp.real=mscut.el(1);

imp, imag=0. 3

retwndima);
)

flcat width(section,segment)
int section,seament;

<

e
Determne physical gecmetry at given location using input
data on secticns and nurber of segments per section

/

float wwi

we(wisec tionl-wisection-1))*seqgment /nseal section)+wisection—-11s

return(w)s
)

struct CMATRIX cmat mul (a,b)
struct CMATRIX a.bi
<

/-
Multiply tuwcrby—two matrices
-/

struct CMATRIX ci
int i,

fer G=031<2510(
for ()=0; K23 1C

c.el i I jI=cadd(cmul (a.el(i J(0).b.el L0IL 510, cmul (a.el(id(1),b.el (130 ;2));

e
)
i+
)
return(c);
)

1)
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«/

Prograv “neplms. '

This Orcaram Was written as part of the resedrch for

an MS Thesis bv Leonard Havden, Orexcn State University,
1583. All richts are reserved, do not use withcut

permi ssion.

This proaram computes the twopcrt S-paramters for &
oowni form micrestripline. The physical line
is separated into secticns with linear physical tanev.
Each se:tion is divided into a number of uniform seqrent s.
The T-oarameters are determined for each seqment, then
cascaded by mitiplyina matrices. The resultant T-matrix
is converted to S-par ameters. This methcd was described
ing
sInvestigation of tapered mulitiple micrestrip lines for
WSI circuits” Mehalic, Chan. and Mittra from the
Electrcmagnetics Commnication Laboratory, University
of Illimois, Wrbana. 1988 IEEE Microwave Theory and
Techniques Symoosium Digest, page 215,

# include “stdio.h”
¥ include “math.h"
# include »emath.h®
# include “ma.h”

IAd

«/

nemath.h* includes all the ccmolex mwiber declarations

and rcutines, "ms.h” is a c-language adaptation of a

basic proaram (Kirschnina & Jansen, 1EEE Transactions
MTT-1384 with revisions) that calculates microstrip
electrical parameters frecen physical dimensicns (curve fit).

struct CHMATRIX(C

struct COMFLEX el (2)2)

Jemat ol O3

struct (MATHC

struct COMFLEX el [C3 I3

Iymaophase ()

struct 2G(¢

struct COMFLEX a.b.ci

int n3 .

»n

¥ define C_LIGHT 3=8
# define maxsections 100

float eoosr.ww.u(misectims). xolmaxsecticns),
Vi

spimaxsections);

rel di»cl-c censtant and hemaoht of sbstrate, dummy, line width at
@ach juncticn between linear sections and locaticn of wnction

L 74
int nis,nseqfmaxsectionsls
Vil
no. of lin sections and no. of seoments pev section
L74
ma1n(})
<

flcat f min,f maxi
extern float eopsr, suoht ,wl,w2i

extern flcat wimaxsecticns), xp(mnisectims),so(muectims);

float freas

int i, juk, flaa.no of pointsy

extern int nls.nsealmaxsectionsl;
struct (MATY 83

struct CPATRIX get 8 params(),se,sS08
struct COMFLEX ri

char file{B0), sfnms

FILE sfname;

Vi
Input section
L74

print f("Analysis of linear tapevs Wi —> W2 —> W3 ... ARG

print f("Enter substrate relative dielectric const
scant ("4Af" bevosr )

print f{"Enter sbstrate hmoht {thickness) in mm:
aant (VL1 Lmbht )

anti™)i

Y

printf("Enter fmn. fmax. mwber of ponts { frequency in GENn")t

scanf (AT 4t % ".l-l_mn.!ul_max.ln:,ol_poxnts)x
f_mn=f_mnele+ss

f_maxaf maxslevds

prant f("Enter cutput file namer ')y
scanf('%s", fileds

printf("Enter mwver of linear secticns:”)s
scanf(*/d",nlis)y

xplCI=0. 3 w
prant f(
»posi t1cn=t). (e — enter width, soazina (normaly

scanf (%1, 41", 800, 250(0)3

for (i=131<=N1SF1+)

sed by bstrate heioht):")3

It



L4
printf( s.e1(3)(2)=5.e1(2)(303

wenter width, soacing (normalized) at far end of linear secticn #id:i®, i) s.el(3)(3)=5.el (2)(2)s
ecanf ("4, %1, 201 ), 2epli )y

printf(“enter pcsiticn (in meters) at far end of linear secticn Wit 104 fprint f (fname, "%3.41e %3.41e\n", s.e1 (1)(0).real,s.el (1)(0).imaq)3

wsanf 41, 2xpli ) /% wites point (S21 real, imag) to file #/
print{(“enter number of uniform segments for linear section W/dt*,1)§

scanf("*/d",nsealil):

) for (k=03 k<dpk++)(

for ( j=03 )43 jr+2{

/-
Start of analysis res. el (ki)
-/
s.el(k)( j)l.real =cabsir);
AR kI0)d.i =phaset
“$ frea siim,p $1Zm,p sZimp....\n")} s.el )). imaorphasetlr )}
fname=fopen(file."w")} 3}
fpr int { (foname, "Zd\n", no_of _points)} )
Iad )
Output file format has no, of points as header /% convert real,imaq to maq,phase */
-/
for Cimdp Wds 1e0) ¢
for (i=0ji<no_of_pointsgis++) printf("\r%9.3e %3.4le 75.111 %3.4le Y= 111 %29.4le 7S.111 Z3.41e “S.110\n",
< frea.
freq=f_min+ ((f_max—{_min)#i)/(no_of_points-1)} s.21(j)(0),real ,s.21(1)(0).1maq,
flaq=2; s.eif1)(1).real,s. @l (i)(1).imaa,
sejet & params(freq, flaa):
e niea s.e10j2(2).real,s.el())(2).ima,
flag=1;

s.el(i)(3).real,s.e1(1)(3).imaa):
scget_s_params(freq, flaq)s

/% prant f("%9.4le %9.41e, “%3.4le 79.4le \n", se. el (0VI(0),50.e1(01(0)); debug */ ?
isfcicsefnane)s
/% ccapute S-Darameters #/ prantf(“i=vd".i)3
5. el (03(0)=caul (ccmolex(0.5),cadd(se. el (01I(0],50. el (0I0); }

s.el(0)(1)=cmd (ccmplex(V.5) , csub(se. el (D), 0.el (003

s.e1 (010 2)=cmul (ccmolext0.5) cab(se.el (0)(1).50.el (0I(1)));

&. el (0)(3)=2:mil (ccapl ext).5), cadd se. el (0)(1),s0.e1 (01} struct (MATPIX oet _s parans(frea, flaa)
s.e1(1)(0)=s,.el (0I(1); float freqs

s.e1(1)0(1)=s.el (003 int flag: .
s.e101)(2)=s.e1 (0)(3): <

s.el(1)(3)=s.el (1I(2): extern 1nt nls,nsmimarsecticnsl;

s.el (21(0)=cmi (ccanl ex(0.5)  caub(se.el (1)(0). sc.el (13001 struct COPFLEX oamma 1.z 2,2 13
s.el(2)(1)=2mi (crmolex .5, cadd(se. el (13(0),s0.el (13(0))); struct CMATRIX t_acc,delta t.s_ccav(l,qet gt
s. el (210 2)=cmul (ccnplex (0.5) ,cadd(se.el (1)(1),50.e1 (1301001 struct COFLEX zdiv,sam.diff,eqamnal, ~mammal ¢
s. el (2)(3)=-md (ccmol ext0.5),csub(se.el (1101),50.e101301) )3 struct 2G z_0amal).zo;

5.2l (31(0)=s.el (2101 1Nt sevtica, seaments

s.el(3)(1)=s.el (2)(0); struct COMFLEX 20),qammal)s

. dcuble slenath,delta 1,228

44



zs
Initialize scurce termination impedance to 0 chms
./

secticn=ly

seqment =04

zz=cabs(z (secticn,seoment, freq, f1aa))4
t_acc.el (VI(O). real=(=0, +22)/(28sqr t (S50, %22))}
t_acc.el C0IC0). imaa=Q, 3

t_acc.el(0l(1 ).real=(zz-50, )/ (2#sar t (50, %22))}
t_acc.el(0I(1).imag=0. 3
t_acc.el(1)(0)=t_acc.el (01013
t_acc.el(1201)=t_acc.el (0IOIs

/#
Iterate thrcugh all secticns and segments
«/

for (section=1;section<mnlsjsaction+(
for (mt:);seqnmt(nseo(sectimhmtw)(
if (seqment==0) printf(" seaW*);
if (seament>)) printf(*\b“)1 /# backspace character #/
if (seament>10) printfC\b*)s
if (seoment>100) orintf("\b*)3
if (seqment>10) printf “\b'")g

/# print seoment muaber as status line #/
print f(“%Zd*,seoment )}

/%
Determine endooint impedances and averaoce beta-ell for segment

./
um_lwmlsectim,seamt.lreq. flaqds
z_lﬂlsecticn.seonmt.'veu.ﬂaqn
z_?a':(secticn.semmtﬂ.freo,llaa)l
delta_l-(xo(sectlcn]—xp[s&‘tim-ll)/nseq(sa:tlcnlx
gamu_la:nul(carolex(O.S),cadd(nm_l.ga:m\a(secticn,segamtﬂ.1req,ﬂaq)))'
gamma _1=caul (gamma_) .ccaplexidel ta_1))3

/# intermediate calculaticns #/
zdivacsartemal (2_1,2_2))3
zdiv.real=cdiv.real#2.; «
zd1 v. imaq=zd1v.imaa*2. ;
sumecdivicadd(z 1.z 2).zdiv)s
di ffazdiviceub(z 2.2 1),zdiv)s
eaammal =cexploamma 1)}
emqammal acexp lcneglaamma 1)))

/% determine delta-T matrix #/
delta_t.el{0)(0O1azmil Lsmn. emnammal )¢
delta_t.el(0)(1)=cmd (d 1, emammal )3

delta_t.el(1){0)=cmul (di ff,eqamal )y
delta_t.e1 (1101 )=cml (sum.eqammal )3

/% cascade transmissicn networks #/
t _accmcmat mul (t _acc,delta_t)s
)
)

Vil

Ccrolete with load tevminaticn of 50 chms
./
z2z=cabs(z(nls.nsealnlnl. freq, flaa)d)
delta_t.cl(t))wl.real-tﬂil.nz)/lz.mrt(m.-zz))y
delta_t.el (0)(0).1maa=0, 3
delta_t..l(l?ll(ll.real-(S'I.ﬂz)/(z.mrt(ﬂ).nz))t
delta_t.el(0I(1).1maq=). 1
delta Lel [(1)(0)=gel ta_t.e1{0)(1):
delta_t.e1(1)(1)=velta _t.el (00O

t_acc=cmat _mul (t_acc Oelta_t)s

return (s_convit acclrii
)

struzt CMATRIX 8 canvit acc)
struct CMATRIX t accs
<

z3
Convert T-matrix to S—oarameters
./

struct CMATRIX s

6. el (0)(O)acdiv(t acc.el{0d(ld. ¢t acc.el (1)1
s.e1 (011 )~abit _acc.el (D), cdivicmd t acc.elld1),
t acc.el(1)(0)) . t_acc.el(1IC1I:
s.el(1)(Macinv(t acc.el(1)C1D:
s.el{1){1)=cneatcdivit acc.ell13i0), t acc.el (130110

returnisis
)]

strict COMMLEX oamatsecticn, seanent, frea, flaa?
int section,seament, flaas
flcat freas

<
z3
Determine prcpagaticon conatant at oiven lccaticn
using physical aouevrtrv and curve—fat rcutine
e/

1% 7



struct MS msout:

struct COPFLEX aam;

float width(),spacina():

extern flcat eopsr,swbht:
mscut=mstrips(eppsr . subht, width(secticn, segment),
spacina(saction.seament ). frea, flaa);

Qam. i man=2. ¥F 1« freqesart (msout.el [01)/C_LIGHT;
gam.real =0, 3

return(aam);

struct COMFLEX z(secticn, segment, freq, flag)
int secticn,seament, flaq;

float freq;

<

/»
Determine impedance at given locaticn using physical
qecmetry and curve-fit routine

./

struct MS mscuts

struct COFLEX imos

float width(),spacing();

extern float eppsr,subhts

mscut=mstripsleppsr,subht, width(section, seament),
epacina(secticn, seament ), frea, flaq)s

imo.real =mscut.el(1);

imp.imaq=0. 3

return(imp):
M

float width(secticn,seament)
int section,segment;

<

/%
Determine phvsical gecametrv at aiven lccaticn usina input
data oo secticns and munber of seaments per setico

./

float wwe

wmtwlsecticn )-wisecticn-1) ) sseament /nsealsecticnl+wisection—-12;

returntw) g
M

float spacinal(secticn, seqment)

int secticn.seoment:
[4

/..

Determne phvsical soM1na at mven loccation using anout
data on secticns and nurher of seaments per saticn

“/

float wig

wm(splsection)-solsection—1))sseament /nsealsecticn)+splsecticn—-1)s

returniw)

struct (MATRIX cmat mul (a.b)
struct CMATRIX a.bs
<

/%
Miltiply twobv-two matrices
“/

strct (MATRIX c3
int 1.8

for (i=011<251)C
for =01 25 0(

c.el(i ) ))=addicaul (a.21(1)(0).b.el (0 1)) ,cmul Ca, el (1 3(1).b.el (130 )20

liad]
3} v
1443
M
retwnuc)
M

1A%



"o L)
# include “stdio.h" Pro%ro.m sin.c
# include “math,h*

struct COFLEX(

double real,imaq;
)cneg(),cinv(),cadd(),csc.h(),cml(),cdiv(),csqrt(),cexp(),ccnpltx()l
double cabs(),phase()}
struct CMATRIX(

struct COMFLEX @1(2)(2);
demat_mul ()

struct CMAT4(

struct OOMFLEX ell41(4);
Imacphase()

struct 2G(

struct COMFLEX a,b,c3
int ng

i

# define delta_z .05

# define AND &
# define R i1

# define Pl 3.14159265358979Q23046.264306328
# define C_LIGHT 3e8

# define delta_al PL/10.

flcat zwl.zw2;

float totlenathg

int n_max;

main{)

<

float f_min, f_maxs

extern float totlenath,zwl,zw2;
float freq;

int i, j.k,flaq,no_of_ points;
extern int n max}

struct CMATY ap

struct CMATRIX aet_s_params(),se,sop
struct COPFLEX r;

char file(B0),#fnm;

FILE «fname;

printf(“Analysis of cosine electrical taper \n")y
/% print f (“Enter endpoint even mxde inmpedance:*)}
scanf ("Ll sawl) e/

Printf(“"Enter midooint sven mxde tmpedance: *)3
scant ("%1", 8aw2)y

printf("\nEnter total lenaths*);
scanf(“%{",stotlenath);

Printf(“Enter fmin. fmax, number of points (frequency in GHz \n");
lcm'("?.',?.'.'/.d".l-l_mn,l-l max,80_of_pointw)}
f_min={_minele+s;

f_max=f_maxele+dy v
printf("Enter nutber of seqmentst ")y

scanf ("Zd", 8n_max)}

Printf("Enter cutput file names“))

scanf("7s", file);

printf(
“t freq slim.p s12n,p si3m,p sldm,p 82im,p....\n");

frare=fcoen(file, “w')}
forint f (fname, “Zd\n",no_of _points)}

for (im)}i<no_of _pointssi+e)

<
frex™f min+ ((f_max~f_min)ei )/ (nvo_of points-1);

flaqg=2; /% even «/
seqget s params(freq, flaq)y

flagel; /# ood #/

g

scrget 8 params(freq, flaq);

s.el(0J(0}=cmul (campl @x (0. 5) ,cadd (se. el (0}(01,50. 010D}
s.e1(0)(1)ecmul (comlex(0.5) ,csubise. el €03(0),50.e1{0)(0I 1))
s.et (0} 2)=cmal (camolex(0.5),caubse. el (011,50, 0] (OO IS IDT]
8. el (0)(3)=cmul (comp) ex (0. 3) , cadd (se. el (01(1),50.€} (01 1))}
s.el(1}{0)=s. @1 (0}(1); ’

s.el(1)() )=, el (0I(O);

s.el{1)(2)=s.@1 (O3]

s.el(1)(3)=s.el (0} zh

s.al (2HO)=cmi) (camlex(o.s).csab(se.el(l)(0),50.9](1)(0))):
s.e1(2)01)>mul (cemplex(0.5) ,cadd (se, el [ ) HO) so.el () HOIN;
s.ell2H2)=cmul (camlext0.5),caddse.el (1311, 50. el (1 i,
s.el(2M3}:mu) (ccnolevx(o..'n,csw(se.el(l)tl).so.nl(l)tl)))l
s.el{3}0)=s. el [2)());

s.el{3}M1)=s.el (2(O)

s.el{31Z)oa. el (2)(3);

s.el(3}3l=s.e1 (2102} o/

forint f(fname, “%9.41e %9.41e\n", se. el (OXO).real 152, el (OHO0).amxa)

S



for (k=03 k<25 k)¢
for ( j=O3 j<2; j++I(
rese.el(k1(jl;
se.el(k)( jl.real=cabs(r)}

sa. el [kI( j). imag=phase(r);
/7"
print{("\rz9.4le 75.111 ",se.eltk]()‘].rnl.u.eltk]t,}].iman)) 74

}
/%
printf(*\n"); #/

)}
print{("\r79.3e %3.4le %S 111 %9.4le 75,111 79.4le 7S.11¢ 79.41e 75,11 1\n",
freq,
se. el [0)[0).real ,se.el (0)(0). imaq,
sa.el(0)(1).real,se.e1(0)(1).imaa.
se.el(1)(0).real,se.el(1)(0).imaa,

se.el(1)(1).real,se.el(1)(1).ima)}

b
i=fclose(fname);
print f(“i=/d", i)}
b

struct CMATRIX oet_s_params(frea, flag)

float freq;

int flaa;

[4

extern int n_maxs

struct COMFLEX gamma_1,2_2,2 13

struct (MATRIX t_acc,delta_t.s_conv().qet_dt())
struct COMLEX 2div,sum, di f{,eqammal . emgamnal s
struct 2G z _aamwmad),z2q;

int g

struct COMALEX 2O ,qamma()3

double #lenath,delta_l,z23

/% print{(“get_s params(if Nn", freq); */
n=0)

2z=cabs (z (n, lenath, freq, flaa));

t_acc.el (0)(0).real =(S0, 223/ (2nsaqrt (SO #22) )
t_acc.el (0)(0). imag=0, 3

t_acc.el(0)( 1).realm(zz=51, )/ (28sqr £ LED. #22))
t_acc.el(0)(1).imaq=Q.}

t_acc.el [1)(0)=t_acc.e1(0I(1)y
t_acc.@101)01)=t_acc.el (0)(0];

while (n< n_max)(

/% i1 (n==Q) printf(* seqi™)
11 (nX0) printf("\b")}

i1 (N>10) printf("\b");

if (n>100) print f("\b")}

i1 (1000 printt (*\b*)}

printf("Za%,n)j #/

Qamma 1=gamma(n, freq, flaa)s

z_1=2(n,lenath, freq, flaa);

delta_l=n#(slenath)/n_max}

/% vhile ((cabs(cﬂb(z.l.z(n.lenqth.'ren.ﬂaq))Kdeln_z) AD (n<n_max) AD
(cabs(cmul (cadd(aamma_l ,aamma(n, freq, f1aa)),
ccnolex(o.fﬁ((n'('la‘\oth)/n_ﬂax)—ﬂelta_l))))(delta_gl))( [ 74

ne+y

/% print{("in locp n=%d, aan/l 1, %1 1", n,aam); &/

/n ) w/

/% printf(“at D n=/d",n); #/

2 _2>z(n,lenath, frea,flaa't
/% printf(“at A n=/d. slenatha”lf, delta_1=/11, game’l 1,71 \n™,
n, *lenath,delta_l,0am)) "/

del ta_l=(ne(slenath)/n _max)—delta 1}
Qamma_l=cmul (comolex(0,5) ,casd{aamma_1 ,aanma(n, freq, flaq)) )

/% printf(‘at B n=’d, *lenath=Y1{1, delta _1=%11, 2 _2=V11,711\n",
n,nlength.delta_l.(rz_2).veal.(rz<2).tman)| [ 74

Qamma_l =cmul (qamma 1 ,conplextdelta_1))s

/e

prict f ("an=/d\n",n)g

/-

zdivecsart (cmul (2 1.2 2¥)3
zdiv.real=zdiv.real #2.t
zdiv.i1mag=zdiv.1maQe2. §
summcdivicadd(s 1,2_2),2d1v)}
diff=cdav(csub(z_2,2 1),zdav)g
/% prant f(“sumsZl 1, %1 1", sumig 74

eqammal =cexp (amma _1)¢

9¥



emngammal 2cexp(cnea(aamma_l))s
/% printf("eqammal =41 f,%1 1", eqammal )3 #/

delta t.el(0)(0O)=cmul (sum,emgammnal )
delta _t.el (0I(1)=cmul (di ff,emaanmal )3
delta_t.el{11(0)=acmul (di 1, eqammal )
delta_t.el[11(1)=cmul (sum, egammal )

/e

printf("d_t(11)=%f, %1, d_tC12)=%1,%f, d_t(21d=af, %1, d_t(Z21=41,%f\n", delta_t)}
-/

t_acc=cmat_mul (t_acc,delta_t);

)
zz=cabs(z (n_max, lenath, freq, flaq));
delta_t.el (D)(0).real =(50.+22) /(2. #85art (50.%22))
delta_t.el (0)(0).imaq=0.}
delta_t.el(C)(1).real=(30.-22) /(2. %sqrt (50.#22) )}
delta_t.el[0)(1).imaq=0.}
delta_t.el(1)(0)=delta t.el (011}
delta_t.elfll1)=delta_t.el (0I(0);

t_accacmat_mul (t_acc,delta_t);

return (s_ccnv(t _accl)g
3

struct (MATRIX 8 conv(t _acc)
struct CMATRIX t_acc;
(4

struct CMATRIX s3

s.el (0)[0)>=div(t _acc.el(0)(1).t_acc.el(11(1]);

.l (0)(1)=cxb(t_acc.el (0I(D).cdivicmul (t _acc.el(01(1],
t_acc.el(13(0),t_acc.el(11011));

s.el (1)[0)acinv(t_acc.ell11(1])

6.2l (1)(1)=cneqlcdiv(t _acc.el(1)(0),t_acc.elllIl1D));

returni(s);

struct COFFLEX aamma(n, freq, fl1aq)
int n,flaq;

flcat freq;

<

struct UPFLEX qan;

Qam. 1maq=2. sPlefreqeld, /C_LIGHT;
gam.real=0.;

/% printf("gamma=%t,%Z! n=%d freq=%f\n",gam.n, freqdy =/

returnigam)y
)

struct COMFLEX 2z(n,1enath, freq. flaq)

int n,flam

dauble #lenath)

float freq:

(4

float xpos:

double san()g

extern float totlenathy

struct COMFLEX imps

#length=totlenaths

/7% {1 (3nC2en_max)(

if ((3mom_max) OR (I<n_max))
imo.real =50, +100. #5i N(3eF 19(3, #n-n_max)/n_max)*n_max/(3+P1#(3. s _max) )}

{1 Genman_max) {10.real =50, +100.)

)

else imp.real=t0. ju/

/% if (2encen max) imD.reals(zul +((2w2-Twl )2 /<0.Sen max)))
else iMD.real =(Zw2+ ((Zwl—ZWw2)#(NN_Max/2.))/(0.50n_max) )}  zwl-zv2-zwle/

xposnstot lenath/n maxs
imp.real =50, +(2w2-50. 1 /2. #(1-(con(xpos#(67.683+117.3¥xpca) ) )}

{imp.imag=0.}
/n
printt("z=%t,%{ n=/d elength=%(",im0.n, slenath)}
"/
return(im)j
)

dauble soncarg)

O:uble aral

[4

it (fabstaral)<ie-30) returnung
else return(arao/fabscaral’y

)

dauble cabs(c)
struct COMALEX )

/% Function cabst) retwrna a dable precision meber which

Ly



is the magnitude of the ccmplex argument .

“/

return((sqrt(c.real % .real+c. imaakc. imaq)) )y
)

dauble phasa(c)

I
Function phase() returns a dable precision nutber

which is the phase in deqrees of the ccaplex arg. #/
struct COMPLEX <3

<

/% print{("phaselif, 4fN\n",c.real,c.imad} -/

if ((C.real==0,) AND (c.imaa=%.)) returnc0.)s
else return¢ (180, #atan2(c.imaq,c.real /PNy

)

struct COFLEX cnea(x)
struct COMFLEX xi

<

x.real=x.reals

X. imag=—x.1imags:
returni(x)s

struct COFLEX cadd(x,y)
stru:t COFLEX x,y3

<

x.real=x.real+y.reals

X. i maq=v, imaq+y.1maq;
return{x)j

)

struct COFLEX cinvix)
strust COMFLEX x3

<

deuble 23

25x. real #x.real +x, iMmanex. imaa;

x.real=x,real /23
x.imag=—x.imaq/z3

return(x)t
)

struct COFLEX csub(x,y)
struct COFLEX x.yi

<

struct COMFLEX 23
z.real=x.real-y.real)
z.imag=x. imag-y.imag}
return(z)y

)

struct COMFLEX cmul (x,y)

struct COFLEX x,y}

<

struct COMPLEX 23
z.real=x.real #y.real -x.imagey. imaas
z.imagex.real #y.imagex. imaqey.real
retwn(z)s

b

struct COMFLEX cdivix,y)
struct COMFLEX x,y§

<

y=zinv(yl}

x=cmul (x,y)3

return(x)s

3

struct COMFLEX cmart(x)
struct COFLEX x3

<

dable maa, anal

mag=sqr t (cabs(x) )¢
ang=phase(x) /2.3

x.realsmagrcos(anqg’}
x. imaaemaassin(anal

returnix)}
)

struct COMFLEX cexp(x)
struct COMFLEX x3

<

deable maa. anas

mag=exp(x.real g

X.real Fmageccsix.amaql g
X« 1MAQMAQ*BINX. IM3a 1§

return(x)g

8t



>

struct COMFLEX complex(x)
double x3
<

struct COFLEX y;

y.real=x;
y.imag=03

returniy)s
>

struct CMATRIX cmat _mul (a.b)
struct CMATRIX a,bs

<

struct (MATRIX ¢

int i,

for (=0pi<23i)(
for (j=05 K23 §3€
c.ellill jl=cadd(cm (a.e1{il(0),b.el {01 1
S iadd
>
it}
>
returni(c)s
>

,cmul (a.e1013012,b.el {130 1))

6t



struct MS € include *ws ™

deeble e102):
) astrips{()}

/e e=eff diel ccast of substrate
h=heioght of substrate in mm
u=ncrmal ized width of line (w/h)
a=ncrmalized soacing of capled lines (s/h)
f3=freq {!! not in G
double e,h,u.0, 19
f1aa=0,1,2 for sinale line, ood mode line, wven mode line
int flag #/

struct MS mstrips(e,h,u,g, {9, flaa)

flaat f3;

flcat e,h,u.qQt

int flaas

<

dceble pl41),r{SI D

deeble 1.el.nl.92.e3,ed.02.55.03.a6.zo.vo,zl,22.23,24,25,26|
struct MS mscut;

1=/ 1e+91

{=f9%h;

pl1)s1. +lca((pewiu, 4. Y40cw((U/S2, 2, 2.)) 7/ (powlu. 4. )4.432))/49. 3
pl1)p01)+1cql. +powl w/18.1),3.))/18.7%

pl2)=. Sednpcm( (Le—. 9) /(e+3. )), .53

el=xig+], ) /2. +{ia—1.)spc( (1. +10, /u), pl1Ipl2))3/2.
p(3)=.274€8'(.&15*.§25/oov((1.0.0157!1).20. ))wug

pL3)=p(3)-. (65683vexn (-8. 751300 1

p(-‘)=.M(l.1xn(-.(G~H2¢e))'
p(S)=.(@3’ein(—4.6¢u‘l(l.-em(-pt:ul('/@.7).4.97)))!

pl6I=1.42. 75141, —exnt-pewl (@/15.916),8.)))1

qi=ol3)ep(4) 4o (. IB-WpCSJ-ntel)H).I.WBB)y
er=e~-(e—e1)/(1.4al1)}
n(7)=unexn(-olmi(z'il.«num.z.))/(h).«xu(n,z.;n
9[8)=l.ﬂco(lpcu|p(7),4. Yot (073752, ), 2.))/ (po(ol7), 4. )+,432))/(49. )3
p(8)=p(HI+lcall. tocwt p(71/18.1).3.)1/18.71

PLII=, Sedrpcmt (e 9/ (e+3.)), . (533

eZ=le+l. ) /2. +te—], )/ 2. it €1.+10./007)). (-n(8)*p(3I1))s

pl10)=. 747%e/ (. 15ve)s

pl11)=.7.878le1—(e+]. 172, 1801, —expl—. 173) )}

pl12)010)-pl10)-. 07)sevatl—. 414%ulg
p(l3)=.5‘13'.6"}hﬂxn'-.EﬁZ‘luu
e¥=el-(el—(»ﬂ.)/2.—nrll)ﬁmxn(-o(ll’)mln,n(l3)))|
p[H)=.wuexnk—3.3mcuuells. 1,3.))1+.7463

pl 15)=n( 14 Jeevnc—Dca L £/18.), . BN .
9[16)=I.N.!',6'9!n(IS)lo:ufn..47‘3"@xn(—l..’~‘r‘7no:uln..5?34)—.17-0-:ula.¢:.5) ]
qIp(3)sol4Irpom 18 H#0(161+0{S5)*0l6))# (), 1. 576323
eS=e—te—e3)/(1.4a2):

pl1712,. 71€EB% (1. +1.076/ (1, ¢+, US76%(e-1.2))y

pl183=, 731320, —@x0 =Pt L1720, ), 1, 424)) ) #atan (2. 481 epcwr ((@/8.) . . 36) )1
pl18)=(17)-0118)1

ol 1'9)=. M42sputte1.), .5

Pl )=, EEEe  @xPi-3,401#1 /10, )-1. 1eatan], JE3sncwt (W/3,),1.623))8
pl21)2p(18)+(1.pl18)1/11.+1, 1630w, 1.3761)3

el22)=1.6%5%0(13)/(, 414+1 . E45m0(19));

plZ3)=.87:8+. 10728 (1. —@vo L, 4280 ((1/20.),3. 215013
pl24)=fabs( ], ~. BIBni 21 1/0( 2330 (1. +pl 20)) #exp (-0(Z2)%pcw(a, 1. /320 )}
a2=p(3)epl4) 200wt ((, 184+pi5leple)) sl24)af),1,5763)3
eb=e—(e-ed4)/(1.+a3)3

20=376.77:

romb, +12, #3, 141536, ) sex0 (-ocwl (0. 6F6/uU), , 728 )y

T1w20/2. /3. 141%53/sar t Lel ) sl catro/ursart 1. apcai . /u), 2,008

v (1)=,0CBIIvpcwie, 1.1

1f (r(13>20,) r(11=20. 8

r(2)=.267powlu,7.);

if (r(21>20.) ri{2)=20.}

r(3)=4. 766ex0 (-3, ZB*ncwiu, .641))1

r(4)=.0164p0w( (. (Bl4ee) , 4.524)3

r(S)2pcn( ((/28.833).12. )3

r(6)=22,. 20D (U, 1, 92) 3

if (r(63>20.) r(6)=20.1

r(7)21, X6~ 314tnexpt-r (1 D101, —exp (v (2D

r(8)=1.+1. 275 1, —expt—. (6 Ser [ 3)spcwie, 1.674) socwt (1/18.365).2,745)))1
r(7)=5.086er (4)0r (5)7¢, 3050 (1)) vexp (v (6)) /11, +1. 123720r (53

r {91 {9Irorate=1. 2,6, )/ (1. 410, #ocwtte~1.9,6.))1

r {1013 GAPDowie, 2. 136) ¢.0104:

r11)170cm((1/19.475.6. )/ (1. +3. 619FF9e—~U2e0c (1/19.47),6.))1
r(12)=1,7 (1, +.00245nusud g

r(13)=. 9 Bspcuwte2, r(8))—. HC;

r(14)=(, 94 @~r (31 socwiel, r(B))-. 96031
r{15)=,707er { 10)o0ca( (1/12,32,1.(r47 23

r(16)=1, +. (G3epouie. 2. Jer (11 )8 e -pwt Lu/15,).6.02)3

r(17)=r (7301, -1, 1231 er (12)/r (16)%2v0t~. Ulbspemt 1, 1, 156560+ 015D));
22=z 1000w ((r (133/r (14D, r (17D

r(18)=, B6SG*now(u, . 1343

r(19)=1.+9/1.30wcw(n, 2.31)/5.231

r (20)=, 197%+pout 116, 64w (B, 373393/01,6. 1), (- 7))

r (20)=r (Z0) ¢ caipenta, 10, 3/ (1, *0mmtta/d. 10 /24

r(21 )'Z.n(lB)/vtl‘i)/(e-n(—onoculu.v(:\'ﬂlﬂz.—elnl-o)"oculu.l-v(;l)l)))l
23=21lesqrtiel/ed)/ ). zivsartiel) er(21)/z00¢

riz2)=1, 7iel. 14e1cat 1. +,€38/10+, 517000 ancaitn, 2. 432008

r (3=, Z3.6+12q10cwt0, 10. 1/ (1. +0(10/5.8) , 10, ) ) ) /261 33

r(23)=r (23)¢lca(}. +.¥Bspcwin, 1. 1501/5. 13

r{24)=C 1. #1350, sqeq}/ 11, 442, 3egmeq )}

r 12516 ¢ Yorlcata) +ormt 0/, 15) .5, 08

1 (rlI5)o000) r(28)miU. 3 /e use to Compare with Z3). (believed tvpd) ./
r (S)=exp(-v(I5)2

ri6)a0l, /16. S+ (25D 1a1catr [ 24) 2

r (7)o (21 ) (223 /v (19 )00 (r (23 spcmtu, (—r (26D ) elcatud )y

zasz lecartiel/edl /il —zlesart el ) er (27)/2003
r(I0)=,B33%11,-.3/U1.+. 78 e-1.)) )

PC3Im2, 121 0pmt (L1720, ) 4. 910/ 0L 4y [2B)s0t0t L1/20, 0,430

0S



r C23)=r (Z3) #pow(a. . K2 *exp(=2.87%a) ¢
r(30)=1. +.038rpcw (@/8,1,5. 123
r(31)=1.+1,20Cspcw(1e/15.) 4. )/ (1. +powC(e/15,.),4.))3
rC32)=1.887ncasta, r(3110s
r(32)=¥(32]/l,l.+.4l¢pcul(l/15.).3.)

‘D':ulu.l2./r[31i)')/(.lmlu- (1.626/r (X))
r(32)=r (32)%exp(~1.S#ocwa. .8 )2
r(B)w(&)ﬂl.ﬁ./(l.*.«enocu(le—l.).z.)))x
r(34)=. 3481, —exot-1, 474pas( W/7.)..6722)) 11, —exp(—3, ZEsoow(( 1/20.).1.87)))%
r(.a'ﬁ)=.6hll.—expt-2.l3¢ocullu/8.).l.fm’))/(l.%.&ﬂﬂocqlg,-‘.l7))s
r($)=.21m(n.4.)/((l.+.016¢mulq,4.‘3))¢(l.+.lnunuw(l.’oo.»(('/’z-!.).:i.)))l
r(37)='(.’_£)0(9.(l'(lll)le—02ﬂ./(l.*.lloou((e—l. ). 2.1
r (Z2B)=42, S4roowia. . lw)-ewl'—.aﬂlguocu(u.z.sw(l.+.(.83m:u(u,2.5))s
r(383)=fabs(1.-r(38))s
r (9)=v (@)r (Z3)4r (33)—r (A4 (3DIr (37D
r (4)=, 016+pcat (, (61 der (CB)4e), 4.52:0)1
r(‘?){n.i&"(")w(.‘))/(.m.ﬁ"(-‘))iexnl—rtsi)/(l.*l.7‘192"(5));
r (9)=r (9)spcw((e—1.),6,)/ (1. +10, spow((e-1, ).6.2)3
15=pcu(((.9-'&«:8-9&4(:2,r(B))—.SﬁﬁQ)/((.‘?-‘(B—r("a))m(el.r(B))-.mn,r(U));
252325
r(42]=.3’1’1/(l°.*l.1)’\'l.+.7'Dcul'(e-l-),z.)/.3/(5.*nou((e-l.),2.)))!
r(463=15. 16/ (1. +. 196#pow( (€—1.),2.))3 .
r (43)=30, v (46122, Zupow  ( (&1, 3/13.),12.)/¢1. +3. spow( (a1, »/713.),12. 0%
r(44)=.42powiia, B (1. +2.5epow((e—]. ),1.5)/(5, +powi(a-l. ),1.50%
r (45)=, 149%pcu((e—1.),3. )/ (94, 5+, 038%pcw( (e~1.),3.))3
r(33)=. F2Seom((f/r(43)), 1.596)/7C1. +. Ipcas((1/30. ), 1.536));
r(40)=l.+.(l'§~1~r(44)/(l.+.8|2‘¢oou((1/15.),l.S1)/(l.+.('Z:¢u-un
rCa1)= 2. 56%r (45) spow(ue .B834)/ (3, 575w, . 834 )}
r(4l)=r(4lJdocul'l10(1.+l.3lu)/93.ﬁ).4.29)s
z26=22+(z4apcw( (eé/etti,r(3‘3))-f(4¢)]0z2)/(l.H(-‘l)’f(-‘Z]‘DOV((.46«1),2.2)):
if (flag==)) msout.el(0)=ez; /# sinole line “/
if (flag==1) mscut.el (0)=e63 /# cdd mxde #/
if (flag=2) mscaut.el(0)=eS: /# even mcde */
if (flag==)) mecut.el(1)=223 /# sanale line #/
if (flag=1) mscut.el(1)=265 /# cdd mode &/
1 (flag==2) mscut.el(1)=zS; /# even mde */

/e
prantf(“eef fsal ({=0) =%4f\n",e1)3
printf(“eeffsal (f) =%4f\n",e23

print f(“eet feve(f=) =7f\n",e3)3
print f("eef fcad( f=0) =74f\n".ed):
prantf( eef fevadf) =%f\n",eS)}
print f("eeffrad(f) s74f\n*.e6):
prantf(“zlsal (f=0)
printf("zlsaif)

printf('zleve(f=0)
printf("“zlogd =0} =4 f\n", 243

printf("zlevelf) =4f\n".z5;
printf("zlcadf) =%f\n", 2613
-/

returnimscut)s

b

IS



. L3 "
# detine Pl 3. 141556SERI7xIzBe 6368 indude emath by

# define AND 2
# define OK 11

struct COMFLEX(

double real.imaas

)cnea().cmv().cadd().csgox).cnul().cdw(‘).:mrt(),cexp().cmulex();

double cabs(),phase(}.son()y

/%
soncdcuble! returns the sion (siomms of the aroument.
+1 for positive, —1 for mecative. O for small (Kle-3))
»/

dauble santaral

dauble aras

4

if (fabs(argi<1e-301) return(0)
else returnara/fabs(argl)s

}

/e
Functicn cabs() returns & douwble Precision number which
is the maon: tude of the comolex aroument.

./

dable cabsic)

struct COMFLEX <3

4

returnd(sort(c.real #:.real +c.imaasc.imaa)))s
}

/%
Fun-ticn phase() returns & deuble precisicn nuther
which is the phase in dearees of the cerplex ard.
»/
double phasets)
struct COMFLEX c3
4

1 ((c.real==0.) AND (c.imag==(.)) returnii.)g
else return((1B).#atanzic.amaa.c.real3/Flys:

/%

“/

Functico cneq() returns a ccrolex muaber which as
the neqative of the complex arauwment.

struct COFLEX cnealx)
struct COMFLEX x3

[4

x.real=>—x.reals
X. iMAQ™—X,1imaas
return(x)s

}

/%

»/

Functicn cadd() returns a ccaplex mwber which 1s the
sm of the two ccaolex arauments.

struct COMFLEX cadd(x,y)
struct COFLEX x,v3

[4

x.real=x.real+v.reals
X. iMATX. 1 maaty. 1Maas
returni(x’:

)

/%

»/

Futicn cinv() returns a camolex number which is the
inverse of the ccmolex araument.

struct CUFFLEX canvix)
struct COFLEX x3

[4

cable 23

Z=x.real #x,real #x.1magex. imaa:
x.real =x.real /33

X+ 1MAQ=—x. 1MAQ/23

retuwrnix’s

/%

»/

Functicn csb () returns a ccanlex numhey wich 15 the
o ffevence beturen the tw) cormpdlex argumnts.

struct CIPHLEX csudix.y)
struct COFLEX x.y3

<

A



struct COFFLEX 23
z.real=x.real -y.real;
Z.1Mag=x.1mag-y.imag:
return(z’s

/"
Function caul () returns a ccmolex number which is the
product of the two conolex arouwments.

/

struct COMPLEX cmul (x.v)

struct COFLEX x,y?

<

struct COMFLEX 23
z.real=x.real #v.real —x.imaasy. imaa;
z.imag=x.realw.iuaaﬂ<.xmaqiy.reah
return(z);

)

/n
Functicn cdiv() returns a ccaolex nurber which is the
ouotient of the two ccaolex arauments.

/

struct COMPLEX cdivix.v)
struct COMFLEX Xx,y$
<

y=cinviv}}
x=acmul (x,v)}
return(x);

)

/"
Functicn csort() returns a ccmolex nurber which is the
square root of the complex araument.

«/

struct CIMFLEX csart(x)
struct COMFLEX x3

<

dcable maa, anai
mag=sart (zabs(x) )3
ana=phase(x) /2.3
x.real=nagwIcsianal
X.amaa=mag¥sintanal
returnix)i

)

“/

Functicn cexn() returns a ccaplex muber which is the
exponential of the ccaplex araument.

struct COFLEX cexn(x)
struct COMFLEX x3

<

dcuble mag, anaj
maa=exp(x.real);
X.r@al=manecos(x.imag);
x. imagemagesin(x.imaa)1
return(x)s

)

/=

“/

Functicn ccaplex() returns a ccmplex number which 15 the
type cenversion of the (real) double argurent.

struct COMPLEX comolex(x)
gouble xg

<

struct COFLEX v3
y.realexg
Y. imagqe

returniv)y

€S



# include "stdio.h" PNarM‘m.c‘
¥ include "math.h"

# define FI 3. 1415726535897 Q7066433838

# define SWAP(a.b) temor=(ai:(a)=(bj:b)=temor

main()

<

int i, i.k.no_of_ooints, ision:
char filel&)1).cut(80), #fnms
FILE stname.mafnams

flcat dati{B20):

void real ft ()1

print f("\,M\nFFT rcutin@\n\nEnter ‘1’ fcr ttt, *-1' for inv—-ffti");
scanf (/4" . &ision)s
orintfuU\nEnter file name of data:")

scanf("/s",file):
prant f("\nEnter cutout tile name:™)s
scanf("Ys" , cut)y

fname=fcoen(file."r');
ofnar=fooen uout :

fscant ( fname, “7d". 40 of points)i

for (dafji{=4sno oFf pornt=ssi++) datlil=n

for (i=l1i<=no of pointsii++) fscanfutname, "4f 71" tdati2#i~1), tdatliZm ))g

no_of ooints=zmo of ooints}

/% tor 1=lti<=no_of pointsti+e) (

1f (1omi<n2 of points) dat{2sm~1)=1,1

else dat{zei—-1)=0,;

dat(2#1)=2), 3

) w/

/# printf("\n befcre..,")s #/

real ftidat,no of puints.isian);

/% printf("after fft"); «/

forint f tofnam, "Zd\n",2e8nd> of points):

/% fce Gizno of poantsiaselii——) orintfC"Zf\n%\n" , dat{2es1-1),dat(2e1 1) e/
for (i=2#nd of pointstid=lsi—) forantfofnam, “Zi\n",datlid);

void real ft(data.n,isions

float datalld;

int n.isign:

<

int i.11.32,13.i4.nin31

float <1=0.5,:2,hlr hl1,har  hais

dable w,wi,.wor,w01.wtemn, thetas
wvoid fcurl )y

theta=3. 14159.£5358575G/ «dauble) ng
if disign=1)(
<20, 5
four 1 (data,n, 1)
) vise (
czm). 5
theta=—theta:
)
wtemp=s1n(0.Sntheta);
wpra ~2, Okwteronsteno
woiesan(theta)s
wr=l,0nwor;
wi=upig
NIpSe2ens3;
for (i=23i<mm/23144)C
i4=l+(i3=nPp3-Gi 2=l +lilmi+i=1)));
hirscle(datalild)+datali3));
hli=cis(datali2)-datalid4d)s
h2r= —con(datali2)rdatalided);
h2i= c2#idatalil)-datali3d);
datalil)=hlr+weh2r—vishlis
datali Z)ahli wr sh2r1 wwish2ry
datali3)=hir—weh2rvehing
datalidds —hlivwr ehin suisharg
W S (WL ETDTL ) $LOY ] SWD1 R ]
Wi i) #Dr KA emD DL+ §
)
if CGisign==]) (
datal1) = (hir=datall))+gatal2)y
datal2) = nir-datal21;
) else (
datall)=cle(thiradatall))+datal2));
datal2)=:l#hirdatal2))y
feur 1(data,n,~1);
)

vead four fidata.nn,1s10n)
float datal 1y
1nt nn.isiong
<
int n.amax.m, y1sten. 1
dxble wvtem, w,wor ,wn1 . W, thetag
flowt tenor,tmons
n=nn << 1
)>=13
fertimigidngaea)(

if (i) (

SdaFdatal jlidatalidg

4]



SUF(datal i+1).datali+1))s
}
mn 2> s
while (m>=2 && j>mi{
j—wn:
m >o=1}
}
Jreme
}
mmax=2;
while (n>mmax) ¢
istep=Ismmaxy
theta=6. 2631B530717459/ Lision#mmax) §
wtemp=s1n10, Sethetaly
wors —2, (Wt emoswtenos
wp1=gini{theta)s
wrel, (3
wi=, 08
for (m=lzm<mmaxsar+=2) {
for (i=mi<mniiv=istep)(
j=1 +amaxs
tenor = wdatal j-w sdatal j+1);
temni = adatal i+l )+wisdatal jIs
datat jl=datatli )-temor}
dataf wil=datali+i)-teroas
datafil] += temori
datali+l) += tewois

wr = (W BT ) #LDF Wl #uD1 YWY 3
Wi T SOr Kt enO*LD) w1 3

}

mmar=18ten)

qs



