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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 lines 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
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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.
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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 lines.

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., Zoe(z)Z00(z)=Z0 constant, the even



and odd mode characteristic lines 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 (a le=a2e), ble=b2e, b3e=b4e, and

a3e=a4e, and for the odd mode (a10=- ba20,, -1e-1320, b40=-12130,
and

a4e-a30
from symmetry. Writing explicitly the defining equations

for S-parameters using the above relations yields,

bie,o (slit-- s12) ale,o (s14 ± s13) a4e,o

(s22 11 s21) ale,o
(s23 -17.s24) a4e,o =ttb2e,o

b4e,o = (s41 = s42) ale,o (s44 s43) a4e,o

11 (S32 S31 ) ale (s33 s34) a4e,o

4

( 1)

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 re,o T'e,o ale,o

b4e,o Te,o r' e,o a 4e,o

T 0 0

RLA

+NONUNIFORM COUPLED

RL.2
RL3

zu0

, 1

ISitSi2)13S14 ali
b S21 S22S=S24i a2:
b S S=S 33S 34, azi

S41S42-543S4.6 a4;

Symmetry: It = R. , = 1/1.4

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

associated S-parameters

(2)



Matching terms in (I) and (2) yields a system of equations

with solution:

re+ro c-ro T'e -ro ve+T,0

[s] . r-e-ro re+ro re+-1-0 re-1-0

Te-To Te+To r'e +r'o r'e -r'o

Te+To Te-To r'e -r'o rierio

This equation will be used later for analysis of arbitrary

structures.

IN
4

wow THROUGH

COUPLED ---IN* ISOLATED
32

Fig. 2 Contradirectional coupling

5

(3)

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 s11s =-22=s33=s444, therefore

re r'e -10.
(4)

Isolation requires sn =s42=s13=s24=°, therefore

T
e

= T
o,

T'
e

= T'
0.

(5)

The simplified S-matrix is



0 re 0 T'e 0 -ro 0

[s] = re 0 T'e 0 = -ro 0 T'o 0

0 Te 0 r'e 0 To 0 -1-0

Te 0 re 0 To 0 -re 0

The equivalent nonuniform transmission lines [9] are then

[S]2x2 rs12 s14 re,o T'e,o

s41 is34 Te,o re,o

which are simply the even and odd mode transmission lines.

The nonuniform coupled line problem is now reduced to the

synthesis of the nonuniform even mode transmission line.

Taper profile -- time-domain response relation

6

(6)

(7)

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 line -- 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.

r (z) = 2 f e-2jEguz)
du

d Z

z

7

(8)

where Z(z) is the taper profile and r(z) is the reflection

coefficient along the line. In this analysis r(z=0)=1; and therefore

S21(w)=re(w)=r(z4)=H(w) where H(w) is the transfer function of the

network. With a variable change

L
(8).,; d In Z

dz dz

0

Using the TEM approximation of constant velocity, the exponential

term is rewritten

exp[ -2jBz] = 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.

21,/v
(11)

1.1 d In Z

ii(w) e .i2 dz at dt

0

which is the Fourier transform of the bracketed part,



h(t) Z)/dz]dz/dt 0 < t < 2L/v

which must be the impulse response function.

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

-1==

g(t) = h(t) * u(t) = j-h(T) u(t-T) dT

8

(12)

(13)

t t
= h(T) dT

d Zdlznf ddiz
dT

0 0

vtJ2 z=vt/2

_1
2
-0

d In Z
9 In Zi

'z=odz dz =

and finally,

g(t) In Z(z =vt /2)

In Z(z =L)

0 < t < 2L/v

t > 2L/v.

(14)

The step response is the taper profile (scaled appropriately).
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Nonuniform coupled lines time domain response

For nonuniform coupled lines equation (14) applies to the

even-mode line and the odd-mode line is chosen such that the

characteristic impedance is constant (as previously described). That

is,

g(t) = 1/2 ln Ze(z=vt/2)

ln Ze(z=L)

0 < t < 2L/v

t > 2L/v.

(15)

A first order approximation can be made for loose coupling.

Here Ze=11-4Ze where AZegl. A truncated Taylor series expansion

allows

and

ln Ze = AZe (16)

g(t) liA2e(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 in

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.

t UP -CHIRP

t f DOWN-CHIRP

ARK-

!MN-

- TARGET

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.
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k A 41

INPUT 0---l--{THROUGHPUT
OUTPUT g--- k-,-Jr-\-----r-\-r-\-i 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 coup ling 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 limited by the 3/4 wavelength 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 alternative

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.

I T0... Tt , 42

C.7

k12

3111 .11 TN

k-3

Fig. 5 Transversal filter architecture

1

1,.....-1 T3 t.-..- 1-1 TN H
1 1 i

1
I

yk, y k,,_, y 1,,,,

TL T2 /2 T3 7- TN /2 r-

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 becoming 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 line it is depleted by the fractions being coupled to the

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

717--7 T,c-----7 1/2r
-/2

i7 ! .4 SECONDARY ----- ---
.4-- PRIMARY

i
i T2

kl;
PRIMARY COUPLING - k

it k, SECONDARY COUPLING K3

Fig. 7 Infinite impulse response with bidirectional taps
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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.
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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-parameters for each segment are

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

T11 (S12 S21 Sll S.22)/S21

112 S11 /S21

T21 -522/S21

T22 1/S21.

(19)

(20)

(21)

(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

1-parameters,

Sll T12/122 (23)

S12 (T11 T22 T12 121)/T22 (24)

S21 1/T22 (25)

S22 -121/T22. (26)
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ro jEl rj.JBL

[Ha =I Ma =i ,,-JBLIt. 0
BL

[Sib = ZilZi+112." Zi-1

1 +Zi Zi,1"-Z
[1]13 9. Zi, i+Zi

[T] = rria[T] b
BL

(Zi+1+ZiWieL (Z1,1zi);i1

2: Zi Zi+LSZH-i"
zopl3L +zo;j134

Fig. 8 Characteristics of the uniform segment

The program 'sin.c' uses the above method to analyze

nonuniform transmission lines from electrical parameters

[Zo(z),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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26

24 -

22 -

20 -

16 -

16

14

12

10

8

8

4

2

0 f

2
0 time 100 as

Fig. 9 Four periods of a sinusoid with small number of segments

26

24

22

20

18

16

14

12

10

8

6

4

2

0

2

1

0 time

Fig. 10 Simple chirp response

100 ns

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,

Ze = Zo + [rzmax -zo)/2] [1-cos(ux2/v2)]. (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.

26

24

22

20

18

16

14

12

10

5

6

4

2

0

2
0 time

Fig. 11 Longer chirp initial frequency=0

100 ns

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

low pass filter is required.
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Discrete coupling was simulated by varying the even mode

impedance in a signum or squared version of the previous case. As

seen in Fig. 13a the overall response is degraded and depletion of

90

80

70

60

50

40

30

20

10

0

10

'
1

I

11 1111

1

'1

I

1

i 144

.f.

II

lie:4;
f

ii

11

illi

it-

...:4

11

I 111

!'q 7,

1

11

...j..

1111:1"

It:

ill 1
, ,

11'

0 time 30 as

Fig. 12a Chirp of practical duration: overall view
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70 -

60 -

50 -

40 -

30 -

20 -

10

0

10
0 time 10 no

Fig. 12b Chirp of practical duration: first third of response
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80 -

70 -

BO

50

40 -

30 1

20 -

10 -

10
10 as time 20 ns

Fig. 12c Chirp of practical duration: second third of response
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BO -

70 -

BO -

50

40

30

20

10

10

11

1th 111111

11111111 11

20 ns time 30 ns

Fig. 12d Chirp of practical duration: third third of response
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90
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70 -1
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40

30

20

10
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0 time 3 no

Fig. 12e Chirp of practical duration: expanded view of leading edge
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Z20

200
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0
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-40
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Fig. 13a Squared version of practical chirp: overall view



23

280

240 -
220 -
200 -
180 -

160 -
140 -
120 -

100 -
60 -
80 -
40 -
20 -

0

-ZO -
-40 -

80
time 2 no

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 low 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 number of linearly tapered sections which are

specified by length and end widths. Each linear section is

divided into uniform segments for cascade analysis.

3 -

-5 -
6 -0

time 3.5 ns

Fig. 14 Short chirp even mode equivalent line 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 (Z00 Z0e<>Z0)

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 -

16 -

16 -

14 -

12 -

10

6 -
4 -
2 -
0

-2 _

6

time 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.

4, Nonuniform coupled

/
\ lines

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 limitation of manual dexterity. The coupled line

spacing is plainly 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

30

25

20

15

10

0
0 time

Fig. 17 Even line response from HP8510 data

3.5 ns



Fig. 18 Down-chirp response from HP8510 data
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Fig. 19 Up-chirp response from HP8510 data

3.5 ne
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Fig. 20 Linear taper response from HP8510 data
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O8.34As__ 290os,D1. 713.34ns

Fig. 21 Even line TOR response
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Fig. 22 Down-chirp TDR response

-197ted

217s

I

69 28ns 288os/ssu 71.28ns

Fig. 23 Up-chirp TDR response
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449..

trio0
r

-1.551.
67 9ns 299os/Stv 69.9ns

Fig. 24 Linear taper TDR response
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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 listings 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 physical dimensions.

Program 'ncplms.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.



/a Prow-tare "lVtolae.:r.f.."

This prcgram was written as part of the research for
an MS Thesis by Lecnard Hayden, Oregon State Lhiversity,
1939. All rights are reserved, do not use without
permission.

This program computes the ti.o-pert S-paramters for a
nonunifcrm microstripline. The physical line
is separated into sections with linear physical taper.
Each section is divided into a nueber of uniform segments.
The T-parameters are determined fcr each segment, then
cascaded by multiplying matrices. The resultant T-matrix
is converted to Stparameters. This method was described
(n,

"Investigation of tapered multiple microstrip lines for
ULS1 circuits" Mehalic, ()Ian, and Mittra from the
Electromaonetics Comminication Laboratory, University
of Illinois, Urbana. 19313 IEEE Microwave Theory and
Techniques Symposium Digest, page 215.

N include "stdio.h"
N include "math.h"
N include "cmath.h"
N include "Iss.h"

);

M define CLIGHT 3e8
M define maxsections 100

float eposr,mailtit.spacinta.w(maxsecticns1,xp(maxsecticns);

/*
rel dielec constant and height of substrate, Clumsy, line width at

each &nctacn between linear sections and locaticn of junction

/
int nls,nseamaxsecticnsli
/

no. of lin sections and no. of segments per section

/

mean()

float f_min.f_maxa
extern float eppsr,s.bht.sPaCIno;
extern float wEmaxsections>,xp[maxsectionsb
float freg;
int i,j,k,flaa,magf.posnts;
extern Int nls,nsenEmaxsectionsli
struct CMAT4 sa
struct CMATFIX get_s_paramst,.se,
struct CErFLEX ra
char file(SCO.Onmi
FILE .fnarrel

/ /
"cmath.h" includes all the complex nunber declarations Input section
and rcutines. "ms.h" is a c-lanquage adaptation of a */
basic program (Kirschning & Jansen. IEEE Transactions
MTT-I984 with revisions) that calculates micrcstrip print/( "Analysis of linear tapers WI --> W2 --> W3 ....\n\n");

electrical parameters Iran physical dimensions (curve fit). prantf("Enter substrate relative dielectric ccnstanta");
*/ scanf("%f".1.eposr) l

prantf("Enter substrate height (thickness] in mu");
struct CMATRIX( scanf("Xf".1e***4);

printf("Enter fmin. ;max. climber of points (frequency in C+hl\n");

struct CE FLEX el[2](2J; scanf("7.f.7.1.74"&finin.&fmax,tno of points);

fennsfmin*le491
)cmat_mul()1 fmax*f mex1er9;

prantft"Enter cutout file name,");

struct CMAT4( scanf("Xs".file)t
prantf("Enter migher of linear sections:");

struct CCPFLEX el(43(4]; scanf("%d",anIs);

)metaphase(); vp(Ol*O.:
printft"posatirn=c1.(0*) -- enter width incrmalized by substrate height)C.11

struct ZG( scanf("%f",u403):
spat: Inn,,..

struct CLPI-LEX a.b,c;
Icr ti"1;10"nlsilrri

int n;



printf("enter width (normalized) at far end of linear section Oridt",i);

soanf("Xf",&w(i));
printWenter position (in meters) at far end of linear section Wids",i);

scanf("7.1",txo(il):
printf("enter number of uniform segments for linear section SZoli",i)i

soanf("%d".Inseg(i));

Start of analysis
*/

printf(
"; freq sllm.p sllm.p s21m,p....\n");

fname=fcpen(file."w"):
fprintf(fname."%d\n",no_ofjpoints);

Output file format has no. of points as header

*/

for (i=):i(no of_pointsii++)

freq=f_min+ ((f_max-f_min)*I)/(no_of_points-l);

flag=0;
1 single line analysishang -over from coupled line analysis

se=get_s params(freq,flag):
/ compute s-parameters /

fprintf(fname,"79.41e 7.9.41e\n".se.el(0)(03.real,se.e1(0)(0).imag);
writes point (SII real, imag) to file /

1

for (k".,:k<211,++)(

for (1=): )<2:1+5)(

r=se.el (k)(

se.elCklE ll.real=cabs(r):

se.el (1:)(33.1maciasetr ):

/ convert real,imao to man.phase /

printf("\e/.9.3. 7.9.41e 7.5.111 :0.41e 7.5.11f 23.4le 75.11f W9.410 7.5.111\n",

Iraq,

se.e1(0)(0).real.se.e1(0)(0).imao.

se.e1(0)(1).realose.e1(03(1).imao.

se.e1(1][0].real.se.e1(13(0].imag.

se.e1(13(13.real,se.elEll(ILimag)1

i=fclosetfnamet;
printf("t*M",i)s

struct CHATRIX gets.params(freq,flao)
float free;
int had

extern Int nts.nseatmaxsections];
strut CEPFLEX gamma.l.z2.z 1:
struct [MATRIX t_aoc.deltat,sconv().gert dt();
struct COmPLEX zgiv,sum.diff.egammal.emoammall
struct ]G z_aamma0agt
int secticn.seomentt
struct CLIMLEX z().qamma();
double Iength,delta_1,zz;

Inttiallze source termination impedance to 50 dies
/

section=11
seoment5,i
zz=cabstz(sectIon.spoment.freo.flao.),
t_*:c.e1(0)(0).rea1.50..zz:/:2sartt50.zzllt
t_a:c.e1(0)1(0.:mon=0.:
t_acc.eliOl(1).real=izz-5).)/(2.wzrtlf0.*zzl)t
tacc.e1(('311).imao=0.;
t_a:c.el(l)(0)=t acc.el[O]Ill:
tacc.e1(13(1)=t acc.e1(03(0l:

Iterate thrall*: all sections and sooments
/
Ice tsection=1:section,=n1stsection+.1(

for tseoment=0:seoment,nsonis,:ticnitseonvnt++:(
if (seoment==): pr int f ( " Fen*" )

if (segment Xi) printf("\b"i; / backspace character /



if (segment>1() printf("\b");
if (segment>100) print/("\b");
if (segment>1000) print( (" \6"),

I. print segment number as status line /

printf("%d",segment);

/
Determine endpoint impedances and averaoe beta-ell for segment/

partata jadamaidsecticn,seoment, fred, fled);

zi*z(secticn,segment,frechflaa)1
z 2z(secticn.seoment+1,freg,flaois
delta_)aixase:ticnl-xase:ticn-ll)/nsen[sectionl;
geurelcmul(complex(0.5).cadd(gamma_l.gamma(sectionesegment+1.freginel)))/
gamea_lxaul(gamma_1,complex(delta_l)),

/ intermediate calculations /
zdiv*csort(cmul(z_l,z_2));
zdiv.realazdiv.rea12.;
zdiv.irragradiv.imag.20
sterediv(cadd(z_la..2),zdiv);
diff*cdivicsub(z_2,z_1).zdiv);
egammalatexp(oammal);
emgammalcex0(cneg(Pamma_1))1

*/ determine delta-T matrix a/
delta_t.e1(0)(0).cmul(sum.empammal)5

' deltat.e1(0)(13=cmil(diff.ergammal);
delta_t.el(11(0)*cmul(diff,eaammal);
deltat.elCI)(1)*cmul(sum.eaammal);

/ cascade transmission netucrks /
t_acc=cmat_mul(t_acc,delta.t);

/.
Complete with load termination of 50 them

/
zz=cabs(ztnIs.n,hofnls),freg.flao));
delta.t.el(01(0).real.(5)..zzl/(2..tort(5)..zz));
'delta t.el(0)(0).imag=0.;
deltat.e1(0)(l).realx-(50.-zz)/(2.xsort(5).*zz));
Ideltat.e1(0)(l).imag=0.;
delta t.e101)(01=delta_t.e1(0)(1);
deltat.e1(1)(l).delta t.e1(0][0];

't_acc.cmat_fful(t_a:c.delta_t)l

'return (s_ccny(t.acc));

struct (MATRIX s_conv(t_acc)
struct (MATRIX t acct

/a
Convert T-matrix to Sparameters/

struct OMATRIX s;

s.el(0)(0)cdiv(t_acc.e1(0)(1).t_acc.e1(1)(13);
s.e1CO3(13*csib(t_acc.el(0)(03,cdivicfrul(t_acc.e1(01(1].

t_acc.e1(11[0)),t_acc.e1[11[1]));
s.e1(1)(03=cinva acc.el(l)(13);
s.e1(13(1Pcnea(cdiv(t_acc.el(1)(0).t_acc.e1(1)(1)));

return(s),

struct COMPLEX gamma(section.seament.freg.flao)
int se:tion.spoment.flani
float free;

/
Determine propaoation constant at given location
using physical aecaetry and curve-fit routine

struct MS mscuti
struct COM-LEX gams
float width();
extern float eposr,sublit.spenno:
msout=mstripsIedosr.stbntooldth(secticn.srorrritlisoacinchlrea,(1aWs
tiam.imacer2..P1.(reosort(mwut.elEU)) /C LlthTp
pam.real.0.;

return(gam);

struct CChFi.FX z(secticri.seoment,frea.flag)
int sn:tacn.seament.flao:
float free;

/

a/

Determine impedance at nlyen location using physical
oecmetry and curve-fit routine



struct MS mscut:
struct CDWLEX lout
float width();
extern float eppsr.s.ght,som:ind:
mscut.matripsteppsr.subht.vidth(secticn.seqment),spacind.fred,flag);

imp.imagm3.;

return(inp);

float widthisecticn,segaent)
int secticn,seoment:

/
Determine physical geometry at given locaticn using input
data cn sections and rouriber of segments per secticn

float ww:

wwm(w[sectionl-wEsection-llUisegment/nsed[section).a(secticn-l);

return(ww):

struct (MATRIX cmat(rol(a.b)
struct DitTRIX a.b:

Multiply two-by-two matrices
/
struct CMATRIX c:
int 1,71

for (im)tii2:1)(

for f .1.); )2; u(
c.elEi)())5cadd(crbil(a.e1C1)(0],b.elIWCW,caul(a.el(i)(1).b.e1C11(3))):

return(c);



Is

s/

Provoa.,

This orcqram was written as
part of the research for

an MS Thesis by Leonard
Hayden. Orencn State Lhiversity,

1983. All riohts are reserved,
do not use without

permission.

This program computes the ti pert Sparamters for a

nonunifcrm microstripline. The
physical line

is separated into sections
with linear physical taper.

Each section is divided into a number of uniform segments.

The 7-parameters are
determined for each seoirent, then

cascaded by multiplying
matrices. The resultant 7-matrix

is converted to S-parameters.
This method was described

int
"Investigation of tapered multiple

microstrip lines for

VLSI circuits" Mehalic. Chan.
and Mittra from the

Electrcmachetics Ccamtnicatian
Laboratcry, University

of Illinois, Urbana. 1908
IEEE Microwave Theory and

Techniques Syeposium Digest, papa 215.

N include "stdio.h"
O include "math.h"
* include "cmath.h"
* include "ms.h"

"cmath.h" includes all the complex number declarations

and rcutines. "ms.h" is a
c-lanouage adaptation of a

basic program (Kirschnino
& Jansen, IEEE Transactions

MTI -1994 with revisions)
that calculates microstrip

electrical parameters from
physical dimensions (curve fit).

e/

struct CMATRIX(

struct CEPPLEX el(21(21;

)cmat_mul();

struct CMAT4(

struct CEVFLEX el t4)141;

)flamahaset):

struct ZG(

strict CChfLEX a.b.cl

int ni

define C_LICHT See
N define maxsections ICU

float appsr.sught.w(maxsecticrisl.soCrmaxsecticrisl,spCnaxsecticrtsli

rel dielec constant and heioht of
substrate, clumsy, line width at

each *diction between linear sections and location of *ncticn

e/
int nls,nsecdmassections) t
/a

no. of lin sections and no. of segments per secticn

main()

float f.nan.f max;
extern float eposr,sughtwl,w2;
extern float wImassecticns1,xp(massecticns),spImassecticnsh

float frog:
int i,j,k,flao.noof points;
extern int nIs.nseormassecticrisli
struct CMAT4 s;
struct alAmtx getii.params(),se,sol
struct (171=LEX rg

char Wef801..1nm:
FILE fpfnames

/s
Input section

e/

printf("Analysis of linear tapers WI --) W2 --) VG ....\n\n"1;

printf("Enter substrate relative dielectric ccnstantt");

scanf("%f".Imoosr);
printf( "Enter substrate heioht

[thickness] in am");

scanf("7.1",&subfit):
printf("Enter (min. heat. number Of points Efroduancy in Ei41\n")7

scanf("7.f.Xf.74".&f_min,&f_max.tr>>.of_points);
f_minmf_minelev'h

printf("Enter output file names");

solinf("Xs",filelt
printf("Enter number of linear sections; ");

scanf("Zd",thls)1

xp(01.0.;
v.

print l(
"Positicn.).CX00 -- enter width. soacino

(normalized by substrate heicsit); ");

scanf("7.11.21".&w(01.&so[O]i;

(cm (imlii<=n1sliv*)



printf(
"enter width, soaring (normalized) at far end of linear section fach"pi);

scanf("Xf,Xf",WEil.C4splil);
printf("enter position (in meters) at far and of linear secticn Mixh",i);

scanf("%f".&xoCi)):
printf( "enter number of uniform segments for linear section lirAch",i)i

scanf("7d",&nsegC4)):

/5
Start of analysis

printf(
"; freo sllm,p 012m.p s2Im.o....\n");

fname=fooen(file."w"):
fprintfifname,"Zdkn",no_of_points);
/5

Output file format has no. of points as header
5/

for (i=ibiCno.ofjoaintsii++)

freci=f_min+ ((f_max-f_miniiii)/(noof_points-1);

flao=21
se=oet s par arts( frech flap):

flag=1:

somget_s_params(freo,flag);

I. printf("%9.41e *49.41e. '49.41e %9.41e \n",se.e1CO)COl.so.e1C0J(0)); debug

/5 compute s-oarameters 5/
s.elf0)(07=cmul(complex(0.5),caddise.el
s.e1C01(1)=caul(complex(0.5),csx0(se.el
s.e1(0)(2)=omAl(complex(0.5i.csub(se.el
s.e1(01(31=cmul(comolext0.5),oaddise.el
s.e1(1)(07=s.e1(01(1);
s.elfl1Cll=s.e1(01(0);
s.e1C1)C213.e1C01(3)1
s.e1(1)(31=s.e1(01(2):
s.e1(2) f03=onul(ccsolex(0.5).csub(se.el
s.e1(2) 117 =omul(oomolexi0.5).cadd(se.el

s.e1(2)(2)=caul(complex(0.5).cadd(se.el
s.e1C2)(3)=cmulicomolexi0.5),csxb(se.e1
s.elf3)f0]=5.1=1(2)(1):
s.e1C31111=s.e1C2)10);

(0)(0).so.e1(0)101));
C0110).so.e1101(01) ):

C0Ull.so.e1C01(1)));
C(1CILso.e1C0)(13/),

CI)COLso.elEllf0))),
El1(07.so.e1(11(01));
(11(1).so.e1(11(1)1)1
Cl1Cll.so.e1(1)(11));

s.e1C31(2)=s.e1C21(3):
s.e1C3l(3)=5.e1(2)(2);

forintf(fname."7.9.41e 73.41e\n",s.e1(1)(0).real.s.e1C1)C0).imaoit
/5 triter point iS21 real, imao) to file /

for (k40; k( 4 k44-)(

for ( rit)i )(4; (

rxxs.e1Ck)( 1);

s.el Ck IC il.real=cabs(r )1

s.elE100).1mao=ohase(r):

)

)

I. convert real.imad to machOhase

for (I=)tr(411.5.1(
printft"\r7.9.3e '49.41e 7.5.111 %9.41e 725.11f 7.9.41e 73.111 %9.41. 7M.111\n".

free.

s.e1COCOLreal.s.ell11E01.tmaa.

s.e101[2].real,s.e1C))(2).imao.

s.elEil(3).real,s.e1C1)(3).imao):

)

i=fcloseifnamef:
orintft"i=7d ".i);

)

struct CtiATPIX oets_paramstfreo.flaof
float frog;
int flao:

extern int nls.nsmn(maxsectionsl:
struct CEPFLEX oamma1.; 2,z_l:
struct CHATRI: t_acc.delta t.s_conw(i.oet dt) )i
struct Caft..EX zdiy.sm.ch I 1,eoassal .rxioansial

struct TS rnammatf.ro:
int sootion,senmonts
struct CCM-LEX zii.riammx();
double 1encith.delta 1,:z;



/*
deltaj.e1(1)(01mcmaltdiff,eciameml);
delta_t.e1(1)(1)mcmaltsum.eaammal),

Initialize source termination impedance to 50 chms

sectiormls
sealrentm);
zz=cabs(zisecticri.seoment.freci,flacd/I
tacc.e1COICOI.real=c50.+zz)/(2*mirt(50.*zz)),
t_acc.e1(0)(0).imacm0.;
t_acc.eICOlCIl.real=fzz-50.)/(2*sortf50.*zz))[
t_acc.el(0)(1].imag=0.;
tacc.eICIICO)mtacc.e1COTCITi
t_acc.e1[1)Cllet_acc.el(0][03i

I.
Iterate thrcugh all sections and segments

/
for (secticnml:section<mnIsisecticn+0(
fcr (seoment.)isegment<nsegCsectionlisedmentrk)(
if Iseomentmm(0 printf(" woe");
if (seoment:Ol printf("%b")s i backspace character

if (smdment>10) printl("\b");
if iseoment)100i orintf("\b"):
if (seement>1000) printf ("\b");

I. print annment number as status line C/

printl( "%d".segment);

/
Determine endpoint impedances and averaoe beta-ell for segment

oammajmoammaisecticn,seoment,frep,flacf),
z_l=zisecticn,seoment.freg.flag)i
z2=7(section,seoment+Lfrecbflaci):
delta_lm(xasecticn)-xpEsection-11)/nseg[sectionlg
gammaimcmcdfcomo/ex(0.5).cadd( oamma_l,gamma(section,segment.1,frechflag)))1
gammajmcmul(pamma_l.ccmolexidelta_li) ;

/ intermediate calculaticns /
zd1v-sarttcrrul(z_1,z_2),8
zdiv.real=zdIv.real.2.;
zdiv.imacmdiv.immq.2.:
sumecdivicadd(zl.z 2).zdivis
diffmcdsvicsubiz2.zli.zdiv):
eaare.l.cexotaareo
emoammalmcexotcneg(oammm,I))0

Pi determine delta-T matrix 1
delta_t.elIOUOPmcmilisum4emnammilis
delta_t.ellORIPcmd(diff,empairmal)i

I. cascade transmismcn net,orks /
t_accmcmat eulct arc,del to t))

/
Cceolete with load termination of 50 chins

./
zzmcabs(zinls.nseg(nIsl.freg.flaoi):
delta_t.elIglid).realm,E0..zzi/(2..sort(50.ftz));
delta_t.e1(07fOl.imaom0.1
delta.t.e1(0)(1).realmft0.-zz:/(2.sort(50.wzz)ll
delta_t.ellu)(1).immom).1
delta_t.el[ 1)(0)mdelta.t.elf0)(1),
delta_t.elIllIllmoelta_t.elIglIble

t_accmconat_nsil (t_acc,cfelta_t

return (s_ccrwit acc)::

struct CMAIRIX s.ccriv(t ace)
struct CMADRIX t ace:

/
Ccrivert T- -matrix to 5-parameters

struct (1141RIX

s.e1(0)(Olmcdiv(t acc.el(07[1].tacc.e1(1)11li:
s.e1(0)(1)mcsubit_acc.e110)(d).cdivicatd(t acc.e1I07Ill,

t acc.e1[1][0]i.tacc.e1(1)(1])ig

s.el[ll(Olmcinvit
s.elfIlIllmcneolcdiv(t acc.e1I1)1(0,t acc.e1(1](1):):

return(s):

struct CU vux oamma.secticn.seoment.freo,flani
int secticn,senment,flao:
float freo:

/

/

Determine prcoanaticn ccrmtant at olvvn Iccaticn

using ohysical oeciketry and curve-fit rilltlfle



strict MS :moat:
struct CONTLEX gamy
float widthf).spacing();
extern flcat eppsr.sidditi
msoot.mstrips(eppsr.sidalt.width(secticn,segment),
spacingisection.seoment).frea.flagii
gam.imacm2.*Plafreciasort(mecut.el(03)/C_L1GMT;
gam.reala0.:

returnfoam);

strict COMFLEX z(secticn.segment,freg.flag)
int secticn.seoment,flag;
float frac':

int section.segments

/
Determine physical snacino at niven location using input
data on sections and niener of senments per sm:ticri

/

float 064

asoaispfsection)-s0(sectian-l)fasegment/nseofsectionlaspisection-1),

return(am):

struct (MATRIX cmat mul(a,b)
strict CMATR(X a.b:

/
Determine impedance at given location using physical
geometry and curve-fit routine /

a/
ft,ltiply two-bv-two matrices

strict MS mecati
strict eiMFLEX tin): struct (MTRIX c:
float vidthf),spacingl); int
extern float eppsr.sifght:
msoutametripsfeposr,sablitodidth(section,seument), for fi.0:1<20)(
spacing(secticn,segment) , free. flag) fcr ha): r..2;::(

imp.realmfecut.e1[1); c.elfinf) acaddlcmulfa.elfilfhl.b.e1(0)(1)),cmulfa.r1Cilf1).b.elflUiD),
imp. imago).: l+as

return(imp); i++1

rettantc::
float width(secticn.segment)
int section, segment:

/a
Determine physical geometry at Given location using input
data cn sections and ranper Of segments per secticn/

float ww:

wwoAsecticn),Asection-lliasmment/nseo[secticn]fs(section-lb

returniuw,

. float soacing(section.segment)



M include "stdio.h" P re yo," '51+t CM
0 include "math.h"

struct COMPLEX(

double real,imagf

)oneg(),cinv(),cadd(),csub(),cmul(),cdiv(),cuirt(),cexp(),complex().

double cabs().phase(),

struct CP%4TRIX(

struct 03T-LEX 0112)(23)

lomat_mul();

struct CMAT4(

struct COMPLEX el(4)C4l;

]maaphase()i

struct ZG(

struct COMPLEX a,b,of

int ni

)

0 define delta _x .05

M define AND 1.8.

0 define CS( 11
0 define PI 3.14159265MYTMO3B4626433832S
M define C_LIGHT 3E6
0 define delta_pl PI/10.

float zul.xual

float totlenothi
int n max:
main()

float f min.fmaxi
extern float totlencith,zwl,xw21
float fret',

int i,j.k,flaq,no_of_points;
extern int n max;
strict CMAT4 sl
struCt CMATR1X ciet_s_params(),se,sof
strict COPFLEX r;
char file(0)3.1(nmi

FILE Onames

printf("Analysis of cosine electrical taper \n");
/m printf( "Enter endpoint even mock, iffpedances")0
scanf( "%f".Sawl),./

printf("Enter midpoint oven mole lopedancet"),
scanf("%f",4zw2)t

printf("\nEnter total lenothi")t
scanf("%f",&totlencith)i

printf("Enter fmin. }max, number of points (frequency in C+4)\n")1
scanf("74,7.f.Xd".24_mun,Lf, asicA)ao_of_points);
f_man.f_min5le49:
f_max.f_matole+9i

printf("Enter number of secsments(")1
scanf("Zd",dn_max),

printf("Enter output file names ");
scanf(")s",filei,

printf(

"i freq sllm.p sl2m,p sl3m.p 014m,p s21m,p....\n"),

fnane.fccen(file,"w"),

fprintf(fname."Xd\n",no_of_points),

for (i.)sirno_of_pointsii4.i

freq.f_min. ((fmax-f_min)5i)/(no_of_points-1):

flas21 /5 even 5/

se.pet_s_params(freq.flao)1

flaS.It /5 odd m/
/5

scmpet s_params(freq,flac);

e.e1(01(O1 .cmul(cosplex(0.5),caddtse.elI0)(OLso.el(01(01));
e.e1(0)(1).caulfccmplex(0.5) ,osubtse.elIOlIOl.so.e1(0)(03))1

s.e1(0)(2l.cmul(corolex(0.5(,csubtse.elfOl[ll.so.e1(01(1)));
s.e1[0/(3).caul(complex(0.5).caddtse.elfOltIl.so.e1(01(1)));
s.e1(1)(0)=s.e1(01(I)t

s.e1(11(23s.e1(01(3),
s.e1(11(3).s.el(01f2l1

s.e1(2)f0l.cmul(complex(0.5) .ostb(se.e1(1)(01.so.e1(11(0))1;

s.e1(2)(13.cmul(ccaplext0.51,caddise.elI11t0l.so.e1(1I(0))ii
s.el ()L23.cmul (ccoulem(0.5).carldse.el ( 1 13,so.el C 1 IC 1 )));
s.e1(2)(31=offul(ccablext0.5),csub(se.e1(13(1), so.e1(11117)11
s.ell3ltOl.s.e1(2)1113
s.e1(31(1l=s.e1(21(011
s.e1(3)(2).s.e1(21(3),
s.e1(31(3) .s.e1(2)(21: m/

fprintf(Iname."7.5.41e 7.9.41etn".se.e1(0)(0).real,se.e1(0)(OLImapii



fcr(k.O1 k<2;k++)(

for(J.0;j<2;344)(

rse.elCklEil;

se.elEkl(j).realAcabs(r);

se.el(k)Ej3.imag=pPase(r);
/
printf("\0(9.41e 75.11f ",se.el(k)Ejl.real,se.e1CIOCD.imaa);

/

/
printf("\n"); /

printf("\e/.9.3e %9.41e 7.5.111 %9.41e 75.11f 7.9.41e 7.5.111 %9.41e %5.111\n",

frees,

se.e1(07[0].real,se.e1[0](0).imaci,

se.e1(0)(1).real,se.e1(03(11.1ffea.

se.e1(1][0].real,se.e1[1](0).iman,

se.e1(11[1).real,se.e1(13[1].inva):

i4fc1c4e(fname);
printf("i.%d",i);

struct (MATRIX pet_s_parerrA(frea,flaq)
float frees;

int flan;

extern int n_maxt
struct CEPFLEX pamma_1,z_2,z 1;
struct [MATRIX t_acc,deltat,sccnv().ciet_dt();
struct CEPFLEX zdiv.sum.cliff,enaenal.emoamm41;
struct ZG z_pamma(),zg;
int n;
struct CEMFLEX z().qaAAA();
double lencith.delta_1,zz;

print f ("get_s pararns(7.1) \n", fret); CI

n);

4

zr.cabs(z(n,lenoth,frea,flea));
t_acc.e1(03(0).real.(5).ftz,/(2sqrt(50.zz));
t_acc.e1(03(0).imaq40.;
t_acc.e1(0)11).rea14(zz-5).)/(2sqrti50.z));
t_acc.e1(0)(1).imAp40.;
tacc.e1[1)(0)t_Acc.e1[03(1);
t_acc.e1[1][1)4t_acc.e1[0][03;

uhile (nK n_wax)(
/ If (nom)) printf("
if (n)0) printf("\b");
if (n>10) printf("\b");
if (n>100) printf("\b");
if (n>1009) printf ("\b");

printf("%cl",n);

sage ");

pamna.1=qamma(n.frechflen);
z_14z(n.lencoth,freq,flaa);
delt4_1=nA(1.1enotn)/n_max;
I. uhile ((cabs(csub(z.1,z(n,lenoth.freo.flaq)))5delta_z)

AND (n<n_max) MD

(cabs(cm.11(cadd(aeama_1,qammAtn,freq.flao;),
cceplex(0.5((nA( lencith)/n_max)-Pelta_1))))<Pelta_g1))( /

n++;
IC printf("in lacy n474. clamA%If,%11",n,qa4); /
/ ) /

/ printf( "at D ne/4",n); A/

z_2=z(n.lennth.frechflacui
I. printWat A n7c1. olenoth.%11, de1ta_14%lf. gamp711,%11\n".

n,olencitn.delta_loorA); /

delta_14(nA(*Ienoth)/n_max) -delta.);

panww_l.raul(complex(0.5;,cacid(aammaj,namm4(n,freq,flao)));

/ printf("at 8 n'/JJ. lenath.%11, 22=7.1f,%11\n",

n,olength,delta_1,(Az_2).real,(Az2).1mA0); /

parma_lmcmul(aamma.1,ccoolex(delta_11);

/
pritstf("ame/A\n",n);
/
zcl)vAcsort(coul(zI.r 2));

idliv.real=zdiv.reA1A2.1
zdiv.iffoo=7;11v.Imao.2.1
surmcdtv(caaci(:1.z2).xels);
diff.cdiv(csub(z2.z.1).rdav);
I. printf("sum.%11,%11".suml; /

egammal4cexp(aAmma_1);



emoaantalxexp(cneo(garrna_l );
I. print f ("egaamal.V.If f ", eqammal ); ./

delta t.e1C0)(01.ctrul(sum,eingammal);
del ta _t el DAC 13.crru1 (di I I , mammal ) ;
del tat. el Cl 31(03.caul (di f I , mammal );
delta_t.e1C13(13.cmul(sum,egafreal);

/
printf("d_t(113xaf,Y.f, dt(1237.f,"41, d_tC213whf,(f, d_t(223.4if,%f\n,delta_t);

t_accmcmat_rwl(t_acc,delta_t);

zz.cabs(z (n max, length, freq, flaw);
delta _t .el (OHO). real.(50. zz )/ (2. *tsar t (50.*zz 1) ;
deltat.e1C01(03.imaces).;
delta_t.e1(01C1). realm(5).-zz)/(2.sqrt(f0.zz));
delta_t.el (Ulf 13. imaoe).;
deltat.e1(11(0)=Pelta t.el (OHL);
deltat.e1C13C13.delta_t.e1(0)(03;

t_accnmat_mul(t_acc,delta_t);

return (s_ccnso(t _acci

struct CHATRIX s canv(tacc)
struct CelATRIX tacc;

struct CMSTRIX si

s. el (01[0]..cdiv(t _acc .el COM). t acc .el MCI DI
s.elf01C1Inzsi.P(t_acc.elC0)(01.criivtorul(t_acc.e1(01(11,

t acc.e1(13(0)1,t_acc.elt13(1)));
s.eI(I)CO3.cinv(t acc.el(1)(1i):
s.el (13(13=cnewcdtv(t_acc.el C13((13,t_acc.el MUD);

return(s);

struct Cil-FLEX ganma(n, freq, flag)
int n, flan;
float freq;

struct CCrFLE X gam;
gaff,' man=2. Pl fr eq.3. /C_ LIG4T;
oarn. real=0.;

/ print ("oarrina=7.f , %I I req=21 n.,gam.n, r eq) g /
returnissam);

struct CZFPLEX z(n.length, freq. flag)
Int n, flan
dcuble Ienoth;
float free;

float xpos;
double can();
extern float totlength;
struct COFFLEX inn;
Iengthtotlenathi
Is if (3.n<2.n_max)(
if ( (3.n al max) CR (3n<nmax))

iRO.real0.+10t).sin(3PI(3..n-n_max)/n_max)al_inax/(3P1(3..n-nrrax));
f (3-mn_max) ino.r eau hug. ;

e lse irtp.real#.0.1/

/ if (2rnxnmax) iati.realin.r1((zi2-7,4)w/r0..5orimax)),
*Ise imp.real.(w2((zwl-z42)tn-nmax/2.))/(0.5xn_maxi); zwl-zf2-zsol./

xposat of I enoth/n mast
inp.real .60. (w2-50. ) /2. ( I - (cos ( xpos (67. 83.1 17.3.xpos) ) ) ) ;

iorp.(mao*).;/
print f (ve/.1,:(1 Iength=7.1",ixp.notlenoth);

return(iap)p

(legible san(arg)
aro;

if (frbstara)( le-30) eturnt0)
else return(ara/fabsiara) )1

dcable cabs(c)

struct CIIft_EX Cl

I fIncticn cabal) returns a doLtile precision norther t.hich



is the magnitude of the ccaplex argument.

return((sort(c.realsc.realxc.imaciac.imao)));

double phase(c)

return(x)t

struct CErFLEX csub(x.y)
struct CCrFLEX x.y:

struct ccrftEx z;

2.realmx.real-y.real;
2.ima0=x.imag-y.imagi
return(z);

/5
struct arrixx caul(x.y)

Functicn phase() returns a dcubl precision nurber struct CCPFLEX x.y;

struct COMPLEX z;

uttich is the phase in degrees of the ccaplex arg. 11/
,reatax.yealey.real-x.iaaasy.imacii

2.imag..x.realsysmaq+x.imagey.realg

struct COMPLEX c;
return(2);

struct COMPLEX cdiv(x,y)

Is printt("phaseat,ltfl\n",c.real,c.imag);
5/ struct COMPLEX x,y;

C

if ((c.real=m).) AND (c.iman=.).)) return(0.); yainv(y);

else return((18°.eatan2(c.imao,c.real)/P1)); x.cmul(x,y):
retu/n(x);
1

struct CCPFLEX cnea(x)
struct OWED( Cac)rt(x)

struct CCPFLEX xt
struct COMPLEX x;

x.reala-x.reals
duAlle macuano;

x.imag=-x.ieeps
return(x);

magxsort(cabs(x));
angphase(x)/2.;

struct CCT-LEX cadd(x.y)
x.realamaaxcos(ang);

struct 01.1-1-EX x,y;
x.imagamaaosin(ano);

x.real.x.real+y.real:
return(x);

x.iman.x.imag+yamag;
return(x);

struct CErFlEX cinvtx)
struct CO FLEX xi

double z;

struct COMPLEX cexp(x)
struct CEPFLEX x;

&able mao.ano:

macimexp(x.real),

zmxt.realex.real4x.imaoxx.imaa;
x.realamapaccekx.imocM
x.unapamau.sintx.imacip:

x.real.x.rea1/2; return(x);



struct COMPLEX complex(x)
diccble xi

struct CLVFLEX y;

y.real=x;
y.imag=0;

return(y);

struct (MATRIX cmat_mul(a.b)
struct CMATRIX a,bi

struct CMATRIX c;
int I,);

to <0.01;<2,1)(
tar (.)*);j<2)j)(
c.elCi)C0=caddIcmulCa.el[i]CCO.b.e1CIAID),cmulIa.e1CI3C1l.b.e1C13Ejl));

return(c);



struct rs

doable el(27:

) mstrips():

Ir C e - s

emeff dial ccnst of substrate
hheioht of substrate in mm
umncrralized width of line (wilt)
gmnormalized soa:ing of ccupled lines (s/h)

f9mfreo !!! not in CiFic

doable e.h.u.b.f9
flagm0.1,2 fcr single line. odd axle line, even mode line

int flap */

struct fe6 mstrips(e,h,u,g,f9,flag)
float 0;
float e.h.u.g:
int flag:

doable p(41].r151];
doable f.el.ol.e2,e3,e4.o2.e5,c13.e6,zo.ro,z1,z2.z3,z4a5.z6:
struct h6 msout:

19=f9/100:
fmfel;
ii[1].1.+100((pow(u.4.)4pow((u/52.),2.))/(pcw(u.4.)+.432))/49.:
p(09,[11.log(1.4pow((u/18.1).3.))/18.71
p(2)=.564aocsA(te-.9)/(e.-3.)/(63);
elm(e.i.)/2.+(4-1.)Kocw:(1.+10./u),(-p(0si[2l))/2.;
p(3).27489+(.6315..525/pow((1...0157.1).20.))*u;
pE3ImiC37-.(16.5.683.exo(-6.7513ruil
p(4)=.-4,s;**(1.-exo( -.(0.142re));

p[5]..(C63aexp(-4.6au).(1.-exp(-pow((f/33.7).4.57)))1
p(67.1.+2.751*(1.-exot-mwt(e/15.916).B.):I4
cilmo(3laci(4)pow(((.18444p(5leo(6)).1).1.5763);
e2me-(e-el) /(1.41:11/1

0(77m3aexpf,no.u.(2U..roowio.2.))/(10..vcw(0,2.)11
p(Blml.+IcoOpow(o(7),4.)-nocw(ao[7l/.52.).2.))/(oow(o(7l,4.).432))/(49.),

PC13190(9),Ica(1.+coal(o(7)/18.l).3.:1/I8.7;
1:45lm.564.ocw((te-.9)/te+3.))..053;$
e2mtail.)/2..te-1.)/2..po,t(l...10./oUll.(-0(0).P(91)3:

p(12)91(10)-(0(1()-.207)remit-.414aiut
p(13lm.533+.64exp.-.562.,01
e4 1-ael-(e.i.)/2.-nflil1rewoi-o(12].ocw(e,p(13)));

PE147m-334.exo(-3.3ocwike/15.).3.))...7461
pfl57m):14/ae,o,-ocwitf/18.1..2E8:);
p( 16)=1..+4.(63io(151m)cw(g..40(reko(-1.347mpo4(0..565.-.17rporw,2.5));
g2m)(3)ro(4).vo4(((.1944.0(16)(p(5lap(6paf),I.5763:1
eSme-(e-e3)/(1...o2):

p[173m.716°.(l..1.076/(1.+AG76r(e-l.)));
pLielm.7313;:ati.-exp(-port(f/20.).1.424iiiratan(2.48Imacw) (e/e.)..946):1

plielmo(17)-olials
0[19]..242ocsitAe-1.).554i
puniw.6366..levpi-3.401.1/10.)-1.1.atantl.:63..ocw:W/3./.1.623:11

p(211mp(16).(1.-p(18):/(1..1.163micw(u,1.376)1;
p[221 .1.6,Mi(I3]/(.414+I.6(5.0(19)):
p[233m.e30E0.1072.(1.-oagt-.42fts,w((f/2).).3.2151:::
024)mfabsil.-.83:11mg(21)/0(231.(1.+11i20l)aexp(-o(22)rpod(o.1.(321));

0-19,(3).P(a)Miowl(f.lE44.p(5)ap(67).g(24)af:,1.5763:1
ebme-(e-ee)/(1..03)1
to-076.77i
rom6.+12.(0.1415e-6.)(evp(-gort(30.6A6/u(..7528))1
xlmto/2./3.14153/sortlol) loatro/u+sprttl.+pcwit2./u1,2.):11
r(1im.033Aapow,e.I.4:1
if (r(0)20.) rE1lm20.:
r(2)..267rood(u.7.);
if (r(21>3).) r(23m0).;
r(3).4.766mixot-3.2.7170ocw(u..641));
r(4)..016Mmow((.05140e:,4.524);
rE5lmoraw((f/a1.843).12.);
r(6lm22.2apow(u,I.92)3
if (rI6))20.) r(6)=20.:
rI7).1.2(16-.3144.eio(-r(1)).:l.,evg(-r(2):::
r(8lm1.4.1.275.:1.-evot-.0046i5arI37.ocw(e.1.674)micut(f/19.3651.2.745))/:
r(9).5.(6Emr(e)rr(5)/(.336er(4)).evpt-r(6))/il...1.122.r(5111
r(97 mr(5)(mcw(( e-1.).6.)/(1..10.mpowt(e-1.).6.:):
r(101..(0)440oorte.2. 1361..0118+1
r(Illmamv((f/19.47).6.i/(I.0.619a99e-02mmort(f/19.47).6.));
r(12)ml./(I.+.002e5aumal:
r(i3)..94(Boocs(e2.(8))-.9603:
r(14lmi.9416-v(9):miortel.r(Ol)-.9613:
r(I5)..707.,(10)mmma:(1/12.31.1.0471:
r(167 m1...(CO3opowte.2.:er(111*(1.-exot-pcwitu/15.1.6.)1):
r(I73mr(7).(1.-1.12alav(12)/r(16).emit-.0.36mpodif.1.156E6:-r(I5)));
t2m2lapo.:(CrC131/r(1411.r[171)1

rt19).1.4pli.33+por(o.2.31)/5.23;
r (203= 197Svow::16.6eicur (8.3i'yywg g

r(20).-r407.10fiiocula,1(. )/(1..nculic/3.41y10. ell/241.1

rf21P.2.erfle3/rf193/( espf-Gioomflu.rf20)1+(2.-expi-c)).pcarlu,i-rfaAf)fi
z2*21.5cirttel/e31/(1.-Zi.sarttelimr(211/zoii

r(22).1.791.1.14oiceil...E36/iff+.517(001onowia.2.43,»1
rf23]..23.6.1ccitookoia.10.1/(1.4ocutio/5.8f,lo.iii/:All.3;
rEZ3)=Y[23).loof1...9A6.P0,,in.1.254»/5.1;
r(24)=f10..1S0..cicii/i1.41R2.3.0.n.all
ri2 t51.6.5f.micniniM>tvatio/.151.5.1i
If ir[23))X4i r(Z5)m.).1.1 /. use to compare with 2.1.4 (believed two: 5/

r(251mequi-rU51.1
r(.:]Elmti./16.5re(25).1cg.r(24),;
r(27l=r1:1)-rt22)/r(193aexn(r(23lftwww.:-rE)6))Ia1cntu»;
z4m:lasnrt(e:/e4;/11.-ziasgrt(e)1.rf27)/z0);

r(23) m2.121oncwit1 /20.).4.9l:/.1..v(;13)oncutil/ZU.).4.51,:i



r(29) or(29)0oow(g..5021fiexof-2.870sii
rE2))=1.r.0380oowtiefe.l.5.1/1

r[31]=1.+1.21)00ciou(te/15.),4.)/(1.opow((e/15.),4.1);
rf32),I.8137ftowlo,r(3I))s
rf32].r[32)/i1.o.410pow(l1 /15.).3.)

lio,,i0,(2./rf3A) l/f.125oodonu.t1.626/rf307))))6

r(321 orf32)oeoo(-l.5.is:owip..64)/:

r(33)=ri3230(1.1.9./(1.-o.4(C3mow(te-1.).2.))/s
r(34) =.3a40(1.-exok-1.470loou(fil/7.1..6721))0t1.-expl-4.25000vf(f/20.).1.87).1f;
rfa5]..610/1.-expt-2.130oowttu/8.).1.:433l))/(l.+6.5440ocof(g,4.17))1
r(36) =.210000ffo.4.)/101...JIBOoowod,4.9))*(1.r.lou0u)0fl.foow((f/24.).3.)));
r[37lorf36)*(9.0000)1e-02+1./(l.o.ifocol(fe-1.).2.7)));
r(38].42.54oscoo(o..133)0expi-.8I20000cviu.2.5)/(1.+.033Mpow(u.2.5));
r[3611ofabsti.-r(38));

rCelorCE17-r[29]ort33J-rf341orf35Jorf37)0
1.141o.Ol6rocui(.(6140rt3B)oef.4.524),
r[9].5.08:60r(4)0r[5]/(.28E6+.386irf4))0expt-r(61)/(1.+1.2yY20r[52fi
r[9)=r19)0oowi(e-1.),6.)/(I..10.0oow(1y-1.).6.));
x5 pcw(((.94KEOloow(e2,r18))-.9600)/ff.110k6-r[91)%dow(el,r(8))-.56(A)),rE17));
z5.730z5i
rf42]..3of0f/(lO.ofwf)wi1.+.701sowi(e-1.),20/.3/(5.1.pow((e-1.),2.)))s
rI463.15.16/(1.+.1$6or)ou(fe-1.),2.)l;
r[43).30.-y(463-22.20powt(fe-1.1/13.).12.)/(1.+3.0oouf(fe-1.)/130,12.));
r[44)=.4mpKv(g..84)0(1.+2.50edu(cs-1.)0.5)/(5.opow(fe-10,1.5)));
rf45lo.1490ooif((e-1.).3.)/(54.5+.02E4pcu(fe-1.),3.));
rf3A=.92fAts:miff/r[43].1.1.5361/(1.+.3oscw(ff/30./.1.536)1i
rCOOlol...iKeof.o(443/fl.+.8120pouf(i/15.),1.91)/(1...CatOu0d)f
r[411=2.5:60oC453.00sAu..1334M3.575ocvo(u,.E134»;
r141).r[41l000ko(tf0(1.+1.30u)/99.25).4.29)1
z6.z2+(z4mpKorf(e6/e4,,r(39))-rI40)0i2)/(1.orf4134rf42301pow((.460142.2))1
if Iflaa.)1 msout.el1G3.e2; /0 single line 0/
if (f1ano.1) msoilt.el(O7oe6: /0 odd aide of
if iflao==2) mscut.elCOlme5; /0 even snide 0/
if (flap.)) mscut.elI11o221 I. single line 0/
if (flaps!) meolut.eall=z6; /0 odd mode 0/
if (flao..2) mscut.e1(13.25; /0 even m:de 0/

/0

Or)ntWeeffsolff.0)
printWeeffsal(f) oXf\n".e2i;

printWeeffeveff=0) o%f\n",e3):
printWeeffcddifoOl .7.1\n",e4):

printflneeffevetf/ o%fln",e5i,

printWeeffcdd(f)
printif"ilsol(f.), .Xf\n",ziii

printfOzlsolifi e/J\n".:2/:

printiOzleveilmifi o%1\n".23)1

printf("zIciidtf.), e/J\n".i4);

printffnzlevekfl eff\n".z5,;

printff"ticddifl .Xf\n".7.61:

ef

return(mscut)



N define Pt 3. 141113W-tCaWS(32a346,:s.13artze

M define AND 24
M define OR I;

c-,4131*

/
Function oleo() returns a cconlex ;limber (hitch is

strict CEPFLEX(
the neoative of the ccmplex argument.

41./

dcuble real.imani
struct CLMFLEX cners(x)

)cneo().cinv().cadd0.csub(),cmul().cdtv().csart(),cexp().complex();
struct OZTFLEA xt

double cabs(), nhase(a.spn();
x.real-x.realt
x.imao-x.iewien

/5
return(x)t

son(double) returns the sion (sionuro) of the araiment.

+1 for positive. fcr neoative. 0 fcr small (<1e-3))

4./
/s

double son(aro)
Functicn caddl) returns a cceolex number which is the

double are;
sum of the two cceplex arauments.

It/

if tfabs(argi<le-30; return(0);

else return(aro/fabs(arg));
strict COMPLEX cadd(x.y)
strict COPFLEX sive

x.realex.real.v.reale
x.imoo.x.tmeovv.tmacig

I.
rsturn(x):

Functicn cabs() returns a double precision number which
is the modnstude of the complex araument.

mi
/e,

doaale cabs(c)
Functtat cinv() returns a cceplex number which is the
inverse of the CCMCOLOX araumont.

strict CEPPLEX c;
/

return((surt(c.real.c.real.c.lima.c.imao))),
strict CiMPLEX cinvtxt
struct COMPLEX xt

dcuble zi

/5
zex.real.x.real.x.immo.x.ima0:

Fincttcn phase() returns a double orectsicn number x.realm.real/at

(hitch is the phase in deorees of the ccablex are.
x.broci-g.imad/2/

5/
returnlx);

double phased.:l

strict COMPLEX ct
/

F(roctin C540() returns a ccablex nawber which is the
difterence betwen the tin ceablex aroumonts.

If ((c.real==0.) AND (c.imape.0.); returru0.1;

else return(080..atan2tc.imao.c.realt/PI)t:
strict CttFlEX c,utaix.v)
strict COVFLEX x.v;



struct UrfiEX z;
z.real=x.real-y.real;
z.imacmx.imao-y.imag:
return(z);

Functicn cexp() returns a ccap)ex number ifuch is the
exponential of the ccablex argument.

/
struct CalFtEX cexp(x)
struct CEPFLEX x;

/* double mag,anof

Function cool t) returns a ccaplex number uhich is the macmexp(x.real)i

product of the P.° complex arcsments. x.realmnacotos(x.imag);
/ x.imagmmagesin(x.imag)1

return(x)s

struct 03TA_EX cmul(x.y)
struct CCIrFLEX x,y;

struct CLFtEX z; / Fincticn ccaplex() returns a conolex number Ouch is the

z.realx.real.y.real-x.imag*y.iman; type ccnyersicn of the (real) double argument.

z.imacmx.realay.immo.x.immrY)r**1) 5/

return(z);

/
/

Fincticn cdiv() returns a complex number uhich is the

auctient of the ti ccmplex aroiments.

struct CEPFLEX cdiy(x.y)
struct CEPFLEX x.y;

rmcinyiv)i
x=cmill(x,y);

return(x)i

/

RrIcticn csort() returns a complex number iC;Ch is the

souare rcot of the complex argument.

struct CEFFLEX csort(x)
struct CCWFLEX xi

doable mon.ang;
magsprt(cabstx)):
artohaselx l /2. :
x.realmnawcostano);
x.imaomag*sintang);
returntx);

/5

struct CIIIMPLEX complex(x)

double x;

struct CEPFLEX y;
y.realxt
y.imaciOi
retirtnty)g



M include "stdio.h" er.trurutgrA.C'
M include "math.h"

define Fl 3.1415793231346.2643383:13

M define SWAF(a.b) temor.(a):(a)tbnibt.tempr

main()

int i.l.k.no_of_points.isiont
char fileCGOLcut[801,*fnmt
FILE fnome.uninami
float dat(e20)):
void reolft();

printf( "\rAnFFT raitine\n\nEnter 'I' for tit. "-I' for inv-fftt")1
scartf("Xd".11tision)s

printft"\nEntor file name of datat").
sconf("%s".ftle.:

printf("\nEnter output tile names")1
isconfl"Zs".out).
fname.fctentfile."r"):

ofnam.fopentout."w"::
fscant(fname."Wd".1no of points,'

for (talsi<.4*noot pointsti+.) datEi)C1
for(i=liii.no of Pointstt.+) fscanfttnome."%f Itf"Adat(2*i-1).1,dat(217).

no_of points=2*no of.points;

Is torti=ltic.no_of points: i++1 (
tf (1(.1\no of points) dat(2*1-1).1.:
else dat[24.-1).0.;
dat(2.1].0..
) */
I. printf("\n before..."): */
realfttdat,no of points.istprut
/* printf("after fit"): */
fprintftofnam."%d\n".2.no of_pointsi:
/* fcr(i.noofixAntsit).1.i--t prtntf("7. f\r1.f\n".dat(2*1-1).dat(21.));*/
for(i.2*noof forintf(ofnam."7.1\n".dat(i)):

void realft(data.n.isinn)
float data();
int n.isign:

int i.11.i2.i3.1.1.n2n3:
float cl=1.5,c2,h1r,h1t.h2r.h2t;

dtuble ur,ut.upr.uol.utemp.thetat
void fourl()1

theta.3.1415926535189783/tdouble) n;
if (iston..1)(
c2.-0.51
foori(data,n,l)e
) else (
c2.).5.
theta.-thetat

utemp.sintO.MOt)leta).

upr -2.0.utemcmutemof
uptstn(theta)f
wr.1.0.upr.
wi.upit
ri2p3.2*n+3;

for ti2.i<.n/2.***)(

hirmc1*(data(t1).data(i3));
hli.c1*(dataIi21-data(i43):
h2r -c2*(data(i2).data(i4));
h2i c2*.dato(il) -dataCi3).1
data(i1).hlt,ur.112i-ui.h2i;
data(i2).hli.tor*h21..Ami1bt
datali3).111r-wrah2r.n.h21:
dato(ia)
wr.tutemp.urloupr-um*upirur;
utmataupr.utemo*upt.unt

if (isIgn..l) (
data(1) (hlr.data(13).00ata(2)8
dota(21 hlr-dato(2):
) else (
data(1).cl..(h1r.doto[1])..data(2)).
data(2).clathlr-data(23).
fourl(data.n.-111

void fourl(data.nn.ision.
float detail'
snt nn.islant

int n.mmax.m.1.tstept.1;
Oriole utemn.ur.uor.uni.601.theta.
float tenor.ty.olt
n.,) <( It
..1:

fcrttItt<rn1,i.2)(
if (1.. (
SWAFtdata()).datafilit



9.464P(data( i+1).dataCi+11;$

)

m=r1 >> I;

chile (m)=2 j)m)(

111

)
j+.mt
)

mmax=2;
41(10 (1)MMaX) (

isteo=2.avxx:
theta=6.18310717959/(isianammax);
uotemwmsintO.:5mtheta);
,or= -2.imurteam=utowl
umt=sinttheta)f
wr=1.0;
wi=0.0;
fcr ta=1;aammaxsar.m2)(

fcr (i=m:i<n;1+=istemil
;=1.amax;

temor=vexclata(0-6a.Pdata()+13;
texci=,.r.data[1+1]+wixdatmCjl;

datafjlmdatafi3-teamr;
data(1+1)=datari+11-tenor;
dataCil += tenor;
dataCi.11 4.= tempi(

)

wr=Curtem=urfrift.or-wtx,mi.wri

xot=,10uor.mitempfto1+641;
)

ormax=tstem;


