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ABSTRACT

Recent suggestions have been made for the design of bulk .semiconductor
millimeter wave devices, and in particular, e new type of phase shifter. .
In order for these designs to perform in a setisfactory menner it was found !
necessery to demonstrate that electromagnetic propegstion would occur
lergely in the interlior of a semiconductor dielectrlic waveguide with
reletively low loss. In this report an analysis is made of electromagnetic | ]
waves guided 1in an infinite slab of material with the properties of high : i
resistivity silicon, Calculations end preliminary experimerts are demonstrated |
at frequencies near 16,0 GHz, It is consluded that propegetion in the semi-
conductor medium offers the pcssidility of low loss circultry end satisfles f
the requisites for device design. :
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BULK SEMICONDUCTOR QUASI-OPTICAL CONCEPT FOR GUIDED WAVES
FOR ADVAWCED MILLIMETER WAVE DEVICES

INTRODUCTION

In a recenl pr0pauall we have suggested the design of bulk semiconductor
devices and the use of semiconductor waveguides to replace more conventional
stripline and metal waveguides for the millimeter wave reglons of the
spectrum,

It is well known that metallic waveguides become lossy at shorter
wavelengths (1 dB per foot at 3.2 mm or 1.5 JB per foot at 2,15 mm). The use
of dlelectric guides offers o promise of iower losses as the wavelengths
aparoach the optical regions. With the advent of recently obtainable high
reslstivity silicon, low loss semiconductors offer en attractive potentlal asg
g guide material, The additional fector here is that components and devices
could conceivebly be "built in" the semiconductor line so that in effect one
would have en optical line with ective elements incorporated, The first
considerations involved in evaluating such a concept is the direct test of e
single straight section of semiconductor dielectric guide to determine the
losses which might result. A factor in this line of thought i1s that if the
energy flow 1s almost entirely within the wavegulde, 1t would be relatively
easy to control by electricel means, If the energy flow 1s along the dicec-
tion of the guide but contained in the sir space surrounding the semiconduce
tor guide it would be relatively difficult to control, See Figure 1.

The first considerstion is to estimate the cheances of power flow within
the guide materisl, vhere it can be modulated, amplified, detected, ete., by
devices constructed end located within the semiconductor structure, In what
follows we shell describe first some analyticel considerations of the semi-
conductor system relying on the wave guided in a dlelectric sleb., This will
then be followed by some initial experiments designed to prove that almost all
of the energy 1s conteined in the semiconductor.

DIELECTRIC SIAB WAVEGUIDE

We consider a dielectric slab oriented in the indicated position in
Flgure 2. Here we assume an infinite dlelectric slab with no variations of
fleld in the x direction,

The general form of Maxwell's Equations are? :

.3_)42 _Q_Hy :J'uc—[)r 3[ ﬁy‘_/@a/ﬁ\
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Propegation is in the z direction so that we use the form
-z
7

;:o.f +7/.?

Furthermore E end # can be a function of ¥y but cannot be a function of

x, bu ass n. This means that all terms with.£— = 0, and iz re-
placed by - &, Py, Py .
We next take this into account in (1).
Moy YHy- weFy oL +—5’-E z —qguWlH,
33; )V é;r a‘y >’ 57 X \7
- YHy = ?u’(—[:}r -ﬂ?x :-J“-_’/’/fy B@A)

- ﬂ - Ez I
_37; = gwels +%_y§x _+quﬁz )

These equatlons can now lead us into the calculations of either TM or
TE modes. We choose the former to illustrate physical principles.
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Next we consider the fields outslide the dielectric sled, y)%
and inside the dielectric slab y¢ %/

" First consider the fields outside the slab, y > %
— o -f2
M= M "7, %)

by Vho= — wieesy

2 2 , -
,3_)4? + n /7‘)' - - &);//6' H/V (\.).)
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Note we have the following terms ss & function of Hy

A/\,o,- {11"-}")/ Ll-— .. Vz 4
Iy L Z

iy = Vo - “wi(
% _ £; :'Z(-): /‘/;0 [/ s L 1o svrface
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1 ' EP = -_OZ__A_: /{Y _ /‘//y 'S // Fo S;'K/.Loc e.

3 K €y

f; ’5 //I‘li/-’/-“/‘(“/h'//,r h d/rrrf/,,u,
Jower = f/ X

This i8 related to rectangular guide as in Figure L.

Inside the slab; /// El, x , )/( %
‘In the z direction of propegation

A= g ()

e ey Y

_Note: X’ = );7 in order for fields to match acrcss the surface.
Also by
2 2 2
_A—Ha,w- X, /i,/( =~ w €Ny (/2)
dy |
2 ] 17
IH - 4 H Re- yiroe (13

/Z‘;: s/n A// cr 4 = cos Ry, //'//




v — N Y T

These two cases are indicated as in Figure 5.
The surface impedance is

- ~

Since hy 1s real, 25 1s inductive reactive.
In summary we have the equations shown in Table I.

Table I: Equations for the T™ Mode

Outside the Slab

. - eyt 1RO

(15)

Inside the Slab

Hy = /a‘,oe'%e /‘4 = //’ac-):a
MO: b H° Mo = - /i,a Hy'
dy* d)y*

/'o’.:- - Yo’."wjf/ér l?,a = %Q-I-u)i(/ é

M = Cehr
EOZ £ /7/0
1% z%{ f;

£, :;‘;é:.%_%o

/%‘0 = sin k,y dud Cos k,)/

o I3
Es - 2
T

[‘-[: ,é__&_f/nh, = 2k cosh
2 wé, d/ / u;)z ,/
Of'E: :#l_(u)h, = —#/ S/n /(,)/
w ¢,

we, &y
J/ - Jﬂo

i maetmn
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Consider two possible modes of propagation.

Case I  Jor -a/2{y<a/2, assuming Hg = sin k.v

/1X = b)e-li/n l?;/} !/.

Hy = ACJW />7z ‘ /,Z)

/

At the boundary, y = a&/2

-/,,,y
Ae P2 Bsn(ng). (¢)
Also at the boundary

E;_. —_ EZ."_ /;./65,4),

/

In general,
[Z:-' —t I /V,gzﬁé-rim/a,/ (/?j
/"”El )7
ra , .
EZ/: }{_fgﬁc‘ CuS‘/?y/ , 'Z(/(Zi) (/‘”,/
for y > a/2 )
EFo = L dH | FHzA=" (1)
/Qv’é,, (}/

£y = b A, 22/

PE




Hence at y = a/z,

- Ao
bu_ AE %: — b Bk, (23)
;"‘"éu- 0—{&'6, "X
By{lS) and(23\ ) A,%
\A£~ Af — _A-'—_ B osn (R 7/)
€ : €
v he 4
Ac - _ A sl KR,
4 = (“%)

T e(hy) = e (+4)

In addition:

A )
A 2
AD —— ); - U.'/L‘ e, -
b 2 _ 2 2 by definttion (} ')
= twee '
adding

4 2

b+ k

=)y
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Multiplying (24) by a/p, and (26) by (G/f)

< fw‘{ ke ) = b 2
¢ A A - 2

-

)‘ = : ’[_ 2 ) .
~£L‘.__@'— + L. = w/"(((l “¢,.) &l

P

2

2 H L 2 2.
5/ f.f iy Cd//(f‘)"ﬁ_ ...&_ = /? . (3/)
7
For Ku Band,
4y -l -3m
a = .311 x 2,54 = 7.9x10 “em = 7.9 x 10
W s2amp = 277 x15 x 100 =94 x 100 = 9.kx10*°
¢ =12x88skx10  =106x10% =106« 10°1°
= 1x8.85kx 10712 = 8,854 x 10712
¢ =1.257x 1076
(‘, - 6’,) = 11 x 8.854 x 1071% = 97 «x 1072 - g7x10°9




R® = (9.4)%x10%° x 1,257x10°C x 9.7x10" ML & (7.9)2 x 1076
R = 9.lnCLOlO x (1,257 x lO.3 x {37 x 10"6 x 7.9x10'3 (3.?)
T—-

= 9.k » 11.25T x [OF7 x 122 x 1089 x 1073 J.o‘6 x 1073
= 9.4 x 1,12 x 9.9 x 3.95 x 10°2

R = 44

(33)
R° = 19.3 3 x/)
A complete plot of 30 and 31 was run solving for p and gq.
The results are indicated in Figure 6,
From this
3:/7p.i—_ = 3./4 Gy
ho~ 3/xa
c — : = [" 33\ =0 80 3
=0.,80 Xse
e /¥ xse? (55/
6‘-‘0/ - -~/
- &
/’p/ >/
_ / - -, =3 -
V= e = e ()
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Cage II

£ T R e’ ()

3.1k - 3,06 = .08 below 7T or above 77')

5’/n(/?'§:-) -~ Sin.of — 0795

/1\/ = (5 /L,y (?gf")

.,
A, +RT = w L(é,-e—,.) § = Aof

2 2 . " , ,
447 ‘d" + _AIQ-QL = ‘U/U(ef _GP)—Q-’: /": k’-&
2* it R 2=
i
'3 -/-/"L = R = (64/)1 (9’5j

6 k, fdn(/? 4o (47)

_.;(/e,a.) m(/z ) = ;Z" (43)

Yz} /f Fdn 7 f‘ (‘7‘3)

A e i e




( }‘an}": Pl

/w 7 ﬁ”f s (55"

The roots for equations (40) and (43) are shown in Figure 8

Case II a. ¢
/9 = / 535¢ _
/:,%
- o kt_Q-_ .
C=e % s( p («5)
ko“— = A Ce
F  F ‘> f
Solve for 4
¢ — g.zzm%a = oYX /l/é
’ g‘i‘ 7.9 xr0" /
Ao)/:/’, }/; /D'.j
b= p = LISwXE = L 203 a0
e 7.8 Xio?
(‘05(/?,;%) s €oS[r = ceS /SIS = 0308
e hesr . See /75(9)
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/ LY 38 P Y W4
/7(; = 22_2- = _Z'_,Z—X/ff': A /S ’X/uj'
. 7.5
4/ =/, :Jz—/ff)oa": L yesx (%7)
e

/’ ff_ = ;‘;:;'2'.)//03: /0% X/a"j (Véy

(05(/2,__0;:) = Cofp = Cos 435z - 05"

This tells us that in this mode, more of the fileld is external to the di-
electric and hence there 1s a greater chance for loss,

EXPERIMENTAL DATA

A lsboratory bench was set up with the components arranged as indicated
in Flgure 12. This 1s essentially e bridge arrangement with e klystron
source capeble of supplylng Ku-band radlation, a bridge with an ettenuator:
end phase shifter in one arm and sectlions of waveguide which can be removed
in the other erm. A stendard diode detector was used, the output of which
was fed into an oscllloscope. The tuner is alsc indicated in the figure, :
The section of guide labelled "A" could be removed and four post conditions
were studled as indicated in Figure 13. In Camse A, the empty waveguide is
filled with silicon 4-T/32" long with cross sectionaJ area of .311 x 622",
l.e., fitted into the inner dimensions of a Ku-band waveguide,

The following procedures were used particularly in the cases of Condi-
tions B and C.

1. The ettenuator was set at meximum, i.e,, grester than 50 dB

so that all of the power would flow through the arm containing the semicon-
ductor.

2. The klystron frequency was changed slightly, at the same time
adjusting the tuner on the detector for meximum power transfer. Usually

three or four peaks were found which were indications that at these particu-

13
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lar frequencies the semidonductor block was acting as a 1/2 wavelength
transformer. It wasz found that these peaks were approximately .78 GHz apert.

The dats obtained 1r sheAwn 4n Tahla TT inddneting the BF Pesoucncy ad bnak

ca wY UMYy GBw WSOV,

attenuation, and changes in attenustion over the control. From this table,

it can be seen that the silicon filled waveguide gave an added attenuation of
L 38, while Lhe silicon waveguide with no cover gave an added attenustion of
S5 8B. We conclude from this that one additional JdB of attenuation was found

by ccapletely removing the metal cover from the silicon,
TABLE II

TRANSMISSION DATA

Condition Frequency Attenuation Attenuation
CH, dB Acontrol - Arest

4B
Adlr filled 9.7
9.2

(A) waveguide 16.50 9.0 ¢
9.5

(control) J.35 Average

Silicon filled 15.40 13.0

(B) waveguide 15.L46 13.0 y
16.18 13.%
silicon waveguide 15.54 14,1
13.9

24" exposed 16,40 1k, 5
1k.5
(C) to air 17.16 1k4,6

Silicon removed
21" air space 17.0k 26.5 17

(D)

We should 1like to discuss the interpretation of the date in Table II.

1. The control test showed no resonance points under Condition A,
There was no sign of 1/2 wavelength transformer action as might be expected.

2. Under Condition B, 1/2 wavelength transformer action was ob-
served. The peaks in transmission are assumed to ellminate surface reflec-
tions and the 4 dB attentuation which was noted can be attributed entirely to
the locses due to conductivity in the silicon.

14
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3. Under Condition C, measurements were made at peak transmisasion
values for the same reason the attenuation was found to be 5 4B indicating
additional 1 4B loss., The extosed gilicon was mrobed with metal structuras
such as a screwdriver or metal plate, Little or no effect on transmission
wag found by placing flat pletes on the top of the eilicon guide or on the
sides of the silicon gulde near 1ts center of exposure. However, when
Placing a round metal rod epmroximately 1/8" diemeter near the cirier of the
exit of the waveguide flange and the silicon on the upper flat plece, a
slight change in balance was roted of approximately 0,2 to 0.3 dB., Changes
from this preliminary probing eppeaer to show that there msy be some {ndica-
tion of power loss due to a poor fit between the silicon and the wavrguide
wall. This must be further examined end if so, there are still two approaches
to overcome this problem., First a horn can be used to launch the wave.
Second, antireflection coatings or grooves can be cut into the silicon section
to cbtain better matching from metal waveguide to silicon. In any case, we
have demonstrated experimentally that there is very little, if any, elec-
tronic radiation emanating from the walls of the exposed silicon guide. This
15 a verification of the calculations which indicate only a very small frec-
tion of pover 1s located cutside the semiconductor guide walls, end that
indeed most of the pover is bheing transmitted inside the semironductor.

CONCLUSIONS

An analysis was made of waves in a dielectric slab. In considering
this structure, it was expected that some ineight would be cbtained relating
to the fraction of povwer propagating inside a dielectric waveguide.

The properties of the slab were chosen to match possible experiments
with high resistivity silicon et frequencies associated with Ku band.
That is, in the calculatlons chosen it was assumed that silicon hes a di-
electric constant of 12 and can be obtained lossless (§ = 0). The height
of the dielectric slad was taken at the same dimensions ms the inner height

of metallic waveguide for Ku band (Figure 3 and 4), and a ™ mode vas cal-
culated.

For the ™ mode in the dielectric slab with materials and dimensions
given it is seen that three possible modes can be maintained,

Mode 1, ) =cosk y , k = .263x1.0°

Mode 2, K = sin k ¥ ', k= .78x203

Mode 3, Hg =cosk ¥ oor k = 1.09x103

If we address ourselves to the question as to where most o: the
energy is located, we find that in all three cases, most of the power flows
in the dielectric, This is a significant point, since if ve want to cone
struct active devices in the semlconductor dielectric, 1t is necessary for
these devices to be in a location where they can interact with the energy
being propugated.
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In addition, we find thet for the lower modes, the energy tends to be
confined more tightly into the dielectric., This tendency eppears as indica-
ted in the following figures, (Figure 11).

The situation now appears hopeful for éuiding the electroﬁagnetic vave

mman+1rm in +tha camisandias

~-
- A e o

In the next phase of work we must enelyze the mode characteristics for
a rectangular wsveguide3, We shall need this information in order to know
best how to lewnch this wave from metsl waveguide to semiconductor dlelectric
and vice verses with e minimum of losses or reflections., In addition, the
coupling from the semiconductor guide to the devices will be of prime concern,
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GLOSSARY

f = frequency = 15.h4 GH2
Asir = wavelength in free space = 1.9L cm
/\5" = wavelength in silicon = ,55 cm
A o = 2a = cutoff wavelength = 3.16 cm
\]\ = free space impedance = 376 ohms
\k; = impedance in silicon = 107 ohms
¢ = conductivity = 5.4 x 102 () -1

o{,, = attenuation of silicon in guide = 2.89 neper/m

N
|

= 20 3 = impedance in air filled waveguide =
376 N

/- /\qn’)

bi- (e
?‘,’_ = dimpedance in-silicon filled guide

LN /
= re V-;—-_——l;_—:)—i- = 107 ohms
A0

propagation constant in silicon filled guide

= Kpg *’jﬁoa.

)\S‘ = wavelength in silicon in guide

= LT6 ohm

]

/\ } = wavelength in air filled guide

o~

Block length = 10 cm

18 wavelengths
. 558
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(a)

(b)

FIG. |

POWER FLOW INTERNAL TO AND EXTERNAL TO DIELECTRIC
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FIG.7
PENETRATION OF FIELD OUTSIDE SURFACE
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APPFNDTY A

Calculation of Attenuation ™ie +n S111nrnn Rlnck 4n +ha Exporiment

(e gp-iwienees

The atienumliou Jue Lu the conductivity and the oultiple reflections
within the seuiconductor slab used in these experiments can be calculsted
from the ratio of the transmitted electric field to the incident electric
field. This ratio is glven by

E, - \/t(-"(;-)h /;4] - Zoz .S‘/h‘)/:} /) | (1)

E in Zcz,b

vhere the transmission coefficient,

v = QZ_“:.Q (2)

t — ——

Za,b + ZD/
and Zol , the impedance of waveguide in air is

Z = I76 .

ol | /- _)‘ccr)l

Z

el the impedance at the first interface of the dlelectrics is

Za,b = Zo& _5-‘33*'2017‘5"“:;/{) )

2oz 25 F5uh fos
as in Flgure (1A) where Z?cﬁ‘.)/:j = Za /"
1 1oy}

and -

[ > = °<o;L '/'f
The impedance in the semiconductor is approximately

- 376
ZDJ--_ [/é ’ 6:/2

Substituting into (3), F -
el

27
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and the 1dentities,

tanh (x + y)

3

Torkx + #Fonhy
/ 2+ Tanh X Tauz )/

,%;'th' 4{‘}/

tanh fléj j}

equation (3) becomes

Z‘,;_,V‘/?M:/r«’(,,i/
,L +Z¢;5 7‘3 4*&)/

db.:

whené j: )«.77".

Substituting into (1) f = a(, P f /
and the identities,

Cosh (xf-/).: CoSAXCa$4)/-+- sinhx .S/h/?/

Senh (xry) = Sinh X Ceshy + coshy simh y

| SInh//%/ 75/'1/514/

equation (1) 'becomes ,
> - Kt“ Coshok . Zog Sinh Aoy ¥
n 2

b
At 15.50 GHz (A air = -9k em) the 10 em long silicon slab is a half
vave trausformer making = W17 . The /\0 cutoff wavelength for the
metal gulde is 3. l6 cm, therefore : _ _
Z, =2 = 3 7k = Y ohms
3 ot ‘// - Adlr‘)?‘
/\u .
. - 276 -
0L — e = /07 okms
" VESl . :

s = 0459 ho?/)ﬁfj far‘. /&CM /‘:'//7 o

T _ ‘ _a i .
Vs, =29X0 " chm™ motey ™’
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Tnserting these values into equations (3) and (2) yilelds

. liive 40T A ;13’6\
Z, = [o7{—= : = 223 olus
s 107 + 476 Finh . 287

ang r J(aﬂil__ = 06y .

U T 223+ 4%

Equation (1) then becomes,
Lo — hyfcosh 385 _ [o7 sinh2i9)— g s
£ 233

‘N

and the ratio of power transmitted is

2
| /_E‘f—/ = /-M/J: L33/ or 4§48,

The measured value of attenuation in silicon fi1lled waveguide was
approxinately 4 3B, - Consldering the range of resistivities measured over-
the 10 cm long silicon slab, {1050 - 3300 chm-cm) the average value used s

(1830 ohm~cm) could be in error by aprroximately 204, An agreement of cale

culated ve measured attenustion in this case is considered valig.
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193¢
1199
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1 34¢
1463
idvu
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1329
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RUN
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APPIILIX B

L)
j—

iU Se LA =3A/21 7270 A2 PM

. L \1
v

i;i CTARTH
ThENRYT
T5A S3TART2
3 CAkRD

1
i%A FINDALLROOTS
i3

CAR
EAL PROCEDURE FCT(X); REAL Xj
FCT:=X%2\ (14COT (X)%2/144)~ 19,363
REAL ARRAY P, Q, CK{d:24);
INTEGER K3

FORMAT FMTI(X4, "P", X8, "Q", X8, "CK")j

FINDALLROOTS(FCT, -4.4, 4.4, |00, 95,
OR K:zi STEP 1 UNTIL Pr@)+.! DO
QUKYe=-PIKINCOT(P[K])/12;

CKlK]): P(K]\P[K]+Q[K]\Q[K]-19 36;
WRITE (TYPE, FMT1)
FOR Xe::z! STEP | UNTIL Pt3)+,1 DO
wRITE(TYPER, P[K1, QIK], CK(K1);
$3A FINI

END.

@UIKLST .8 SEC,

NING

N 1633 21 APR 1871

I & CK

8LO+93-1.190238-01 9.900000+00
©33400-2,986 1 79+90 2.000003+20
269400 3.16062@495 2.000008+02
262+ 3.16J683+33 2.020809+20
1533+9di-2 .18617ﬂ+ﬁd ¥.d02283+V0
2354981 .199299-21 2.240003+04

TR 1643

P);

; van

PN

it ol




FILE

100
209
3o
400
500
600
700
goo

500 $

1000
1100
1200
1500
1400
1500
1600
17¢0
1800
1909
2¢00
2loeo
2200
2300
2400
2500
2600
2709
2800
2500
3000

END

Appendix B (Cont)

tCSEQUA -04/22/71 10135 aM,

BEGIN

$5A STARTI

HENRY

$$A START2

$ CARD

$$A TAN

$ CARD

$$A FINDALLROOTS
CARD

REAL PROCEDURE FCT(X); REAL X;
FCT:=X*2\<1+TAN(X)*2/144)-19.36;
REAL ARRAY P, 0, CK[9:20);
REAL Pl, @13
INTEGER X; .. . . . .
FORMAT FMT1(x4, "p . X8, 0, X8, "CK"):
FINDALLROOTS(FCT, =4.4, 4.4, 100, S, P);
FOR K3=! STEP 1 UNTIL Pl2)+.1 Do
0[K]:=P(K]\TAN(P[K])/12;
CK(K]::PlK]\P[KJ+OIK]\QIKJ-!9.36;
WRITECTYPE, FMT1)s
FOR X:=1 STEP ] UNTIL PI2)+.]1 DO
WRITE(TYPER, PCK, OLK], CKLKI1)s
WRITE(TYPER): :
FOR Pls=-4,4 STEP .1 UNTIL 4,41 Do
BEGIN
Ql::Pl\TAN(Pl)/!Z:
WRITEC(TYPER, Pl, Q1);
END;
$$A FINI
END,

QUIXKLST 1.3 SEC,

COMPILING,

END

COMPILE 5.7 SEC,

RUNNING

1 TIME ON 1236 22 APR 1971

I




;

R e bena Y

srrendin 3 (Jentt

P r CK
*4,31552%+00 8,580762-01
=1 .603396+20-4.,057456+00
=1.539682+03 4,121826+29

1433967@+PE 4. 12iB2@+00
1 6033956+0P~4.057452+00
4,3]15526+00 8.580766-0!

“4,40000°+02 |,135326+0¢
-4,3000e@+00 8.15085958-01
~4.,2000060+00 6,22223@-0!
-4,170006+02 4,863720-01
-4,0000060+008 3.85940@-01
-3.900003+00 3.07913@=-01
-3 .,800000+0@ 2.44959@-01]
-3.700006+00 |,.,926266-01
~3,600000+00 ] .480406-01
~3.500000+00 1.89254@-01
-3,4000060+00 T.AEB9B@-02
~3.300000+00 4.39301@-02
-3 .,2000060+00 1.5595380-02
-3,10000R0+00~-1,87510@=-22
=3 .000006+00-3.563660-02
-2.900000+00-5.954800-02
-2,800006+00-8.295700-02
-2,700006+00~1.0636406-0!
-2.,600000+00-1,303466-01
-~2.,500000+00=1.556300-01
~2.400200+00~1 .83203@-91
~2,300000+20-2,145166-0!
-2.200000400-2,518680-01
-2.100000+00-2,952230-01
-2 .000006+00-3,64173@-0!
-1.500000+00-4,634576-01
-1.800000+00-6,429535@-01
«1.,700008+00~1,.,050356+082
-1,600000+02-4,564340+00
-1.,500006+00 1.762686+00
-1.400200+00 6.76420G-01
-1.,300000+00 3.502280-01
-1.22220%+00 2.57215@-01
-1.100206+00 | .801036~81
-1.,200006+00 |,25978406=-01
-0.00000@-01 9,45119@-02
-8.00000€~-C1 6,864260=-02
-7.00020Cc=-01 4.51335@-02
-6.000006=-01 3.42068E€~02
-5.000000-01 2.276260-02
-4.000009-21 |.409531@-02
-3.000026-01 7,73341€-03
-2,000000-01 3.,37850€-03
-1,000000-01 8,361226-024

<
-
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0.200000+00
0.000000+00
2.000006+00
G . 00000+
0.00000%+00
0.000200+00




Ty e e B—

2.005988-10
l .000000-01
2.000000-0)
3.000008-01
4,000000-01
5.000000-01
6.000000~01
7.000000-01
8.000000~-01
9.000000-01
| .000000+002
1.100000+00
1 .200000+00
1.300006+00
1.400006+00
1.500000+00

Appendix B (Cont)

3.3666959-21
8.361226-04
3.3785060-03
7.733410-03
1.409310-02
2.276260-92
3.420680-02
4.9133%8-02
§.864260-02
9.451190-02
1.29784a-p1
1.801036-01
2.572150-01
3.902280-01
6.764206-21
1.762688+00

1 .600006+00-4,564340+20
1.700000+00-1.0903 58+20
1 .80000@+00-6,429390-91
1 .900000+00~4,634570-01
2.000000+00-3.,641730-21
2.100008+00-2,.952230-01
2.200000+00-2,518680-01
2.300006+00-2.145160-p1
2.400006+00~1.832038-01
2.500000+002~1,556308-0]
2.600008+20-] ,303460-01
2.700000+020~1.,063649-01
2.800000+00-8.295700~-02
2.5900008+02-5,954800-02
3.000006+00~3,.563660-02
3.100008+00~1,075100-02

3.200000+00
3.3000006+00
3.400006+00
3 .500006+20
3.600006+00
3.700000+020

3.800006+00.

3.500000+00
4,000006+00
4.100006+00
4.200006+00
4.300006+20
4,400006+09

TIME OFF

1.539300-02
4.393010-02
7.488580-02
1.092540-01
| .480406-01
1.92626@-0)
2.4495%90-01
3.079136-01
J.85940@-01
4,863720-01
6.222236-01
8.19095@-01
1.1353260+00

1837

END CSEQUA 3.7 SEC,




