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ABSTRACT 

This report contains a set of tables of transmission and reflection 
coefficients as well as phase shift data for lossy, homogeneous dielectric 
sheets.   The report supplements Report No. ADC EL-123-50, "The Elec- 
trical Design of Lossy High-Incidence Radomes,"of 11 July 1950.  It has 
been prepared for the benefit of designers who may be required to make 

& a theoretical study of  he electrical performance of a proposed radome 
design. 

These tables were computed by the International Business Machines 
Corporation,. 500 Madison Avenue, New York 22, New York under Navy 
Contract No. NS83s-?7206ro. 
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LIST   Or   SYMBOLS   (Figure   1) 

£«_ 

do =   2L /« - sin2 8 
XV 

L € tan 8 
2( €- sm'^6) 

jr 
_   or  _   «tan 8 

€ - sin2# 

Reflection coefficient at interface of a homogeneous dielectric 
sheet and air for an incident plane wave traveling from the di- 
electric sheet to air 

R   _   JT- i   n2y 

€ cos y   +   V* - sin<itf 

= Reflection coefficient at interface of a homogeneous dielectric 
sheet and air for an incident plane wave traveling from the di- 
electric sheet to air for parallel polarization 

^ •• - sip,2#    - eos# 

.y«r - sin2#    + cos# 

= Reflection coefficient at interface of a homogeneous dielectric 
sheet and air for an incident plane wave traveling from tr. u- 
electric sheet to air for perpendicular polarization 

R        =   Reflection coefficient of a lossy, homogeneous dielectric plane 
sheet for an arbitrary thickness (x) and angle of incidence, 9 

R       -   i Ri  = The magnitude of the reflection coefficient P. 

Rf       =   The phase associated with the reflection coefficient R 

R„      =   Reflection coefficient of a lossy, homogeneous dielectric plane 
sheet for parallel polarization 
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LIST  OF  SYMBOLS  (continued) 

R|(      =   | R !     - The magnitude of the reflection coefficient R(l 

R(|      =   Tt        .\se associated with the reflection coefficient RM 

R,      =   Reflection coefficient of a lossy, homogeneous dielectric plane 
^~ sheet for perpendicular polarization 

Rj_     -   j R^j   - The magnitude of the reflection coefficient RL 

R^_     -   The phase associated with the reflection coefficient Rj_ 

Tn      =   Transmission coefficient of a lossy, homogeneous dielectric 
: 'vie sheet foi an arbitrary thickness (;:) and angle of inci- 
atOf:, .   9 

Tn      =    |Tn|   = The magnitude of the transmission coefficient Tn 

T n     =   The phase associated with the transmission coefficient Tn 

Tn     =   Transmission coefficient of a lossy, homogeneous dielectric 
plane sheet for »MralM polarization 

^n      ~  I ^n I     ~ Tne nxagnitude of the transmission coefficient Tn 

^li      -   The phase associated with the transmiss;on coefficient Tn | 

Tn      =   Transmission coefficient of a lossy, hornogenerv.s dielectric 
plane sheet for perpendicular polarization 

^n      = 'Tn. I   =   rhe magnitude of the transmission coefficient Tn 

T„      = The phabe   ~ cciated with the transmission coefficient Tn 

x        = Thickness of dielectric plane sheei 

tan 8 = Loss tangent of dielectric sheet 

? 
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LIST  OF  SYMBOLS  (continued) 

A     =   Tn       TJ;     = Relative phase shift between the perpendicular 
and parallel components of the transmitted wave 

Apj_   =   Phase delay (insertion phase shift, or insertion phase difference) 
created by a lossy, homogeneous d: lectric p)ane sheet for per- 
pendicular polarisation 

Ap„ - Phase delay (insertion phase shift or insertion phase diffs^ence) 
created by a lossy, homogeneous, dielectric plane sheet for par- 
allel polarization 

6      -    Dielectric constant of dielectric sheet 

6      =   Angle of incidence or angle between rhe incident r. - and the 
normal to the panel surface at the p;>* of intersection 

X      =   Free space wavelength 

Jfj±   / < - sin~ o 
X  V 

_       c , 

X 
NOTES: 

1. Any complex number or vector quantity 

Z  = Ze3z' = Z[2L = Zexp.(jZ'), 

where 

Z  =  !z~!  = the magnitude of Z* and 
Z' = the phase angle of Z. 
This notation is used consistently through?      the report. 

2. The subscript -i_ refers to perpendicular polarisation, and i^e 
subscript »   refers to parallel polarization, 

- VI 
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'"TRCDUCTION 

This report contains tables of transmission and reflection coeffi- 
cients *nd phase shift data of lossy, homogeneous dielectric sheets.   The 
tables are based on equations (1) to (4) inclusive, page 2.   Derivations 
^f these equations appear in reference (a). 

This report supplements Report No, ADC EL -123-50, "Electrical 
Design of Lo^sy High-Incidence Radomes," reference (b).   It has been 
prepared for the beueiit of designers who may be required to determine 
the electrical performance of a proposed radome design.   Th«se tables 
should also be o. value to engineers and physicists doing work on optical 
theory and design, electromagnetic theory, radar, iidomes (plastic hous- 
ings for infrared! transmitting oi receiving pquipment). and propagation. 

In tnese table   ;he qualities Tn, T£ . Tn, R, R2, and R' are com- 
muted as a function r»i cL, with P and r as parameters.   For definitions of 
these symbol   see page"iv. 

I 

- i - I 
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RANGE  OF  VARIABLES 

The ranges of the variables are: 

ds = 0.05, 0.15, 0.25, 0.35, 0.45, 0.50, 0.55, 0.65, 0.75, 0.85, 0.95, 
1.00, LOS, L15, 1.25, 1.35, 1.45, and 1.50 (18 values) 

r    = 0 to 0.99, in steps of 0.01 (100 values) 

and 

P   • 0.0000, 0.0050. and 0.Q1G0 (3 values) 

EQUATIONS   FOR  REFLECTION  AND 
TRANSMISSION  COEFFICIENTS  OF 

LOSSY,   HOMOGENEOUS   DIELECTRIC   SHEETS 

rhe equations used for computing these tables are as follows: 

R    , P!K =   -r     [l  - exp.C-2.frL + 2j»)] 
1 - r2exp.(-2ifrL + 2j\//) 

and 

T    - T   #*I"   -   ^1  " r2)exp.(-i//L + j<//) ln ~   xn/_2n_ =  
1 - r2 exp. (-2^L + 2j^O 

(2) 

where 

f     =3Z*t\ e - sin20 /gx 

T,   - c tan 8  
2U- sit^B) W 
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Al R 

MEDIUM   I 

NORMAL 

AIR 

MEDIUM 

'n 

FIGURE 1 - Lossy Homogeneous Dielectric Plane Sheet 
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USE  OF  TABLES 

To use the tables in this report, the following mivr mation roust be 
gr*e --• 

€ , tan8, 6 , and x/X 

Step 1 

Compete ds and P by means of equations (5), (6), and (7). 

'Js  = £ M (5) 

anc 
X 

r, € tan 8 

wb ;re 

M   -    V7^sin20. (7i 

These computations may be facilitated by iooking up the quantities M and 
e /M& in reference (c) for the given values of 9 and e .   Also look up rj_ 
an:l r„   in reference (c) for the given values of 8 and € , 

St«p 
o 

Locate in :he tables oi uc\* -tpc.rt the correct values of Tn, T*, Tn, 
R, R2, and R' for the given values of ds, P, r^, and r„   .   Select the 
nearest raiue of P and r in the tables and interpolate for ds. 

For perpendicular ix>)arization let r = r^_ and for parallel polarisa- 
tion let T « r(,   . 

It is advisable that the data in these tables be plotted in the forrr. ri 
carres, similar to those of reference (b), for particular radome design 
problems. 

i  

i 

& 
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SPECIAL   NOTE   IN   USING   TABLES 

These tables arv con ect for all v? -es of r>0.   However, in cases 
where r„ < 0, R"       .ould be adjuster ^o read 

R,I     =  R   (in tables) + ir. 

IL L U STRATION   OF   USE   OF   T A R L F- S 

Given: 

tanS  =   0.005. 

and 

x/X    =   0.4 

To find: 

Tn» Tr. - R2
 

aud R' 

for both perpendicular and parallel polarizations. 

Step 1. 

For « -  i.2 and  5 ~  ?0°, 

M        =   V«r  - sin_2 0 = 0.97468 

and 

€ /M2 =  1.2632 from reference (c). 

From equation (5), 

ds   = 2LM = (0.4) (0.27468) = 0.S9C 
A 

- 5 - 
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From equation (6), 
» 

«-.                €  tan 0 /<    nnnr%\ it\  j\nr\ r\  f\f\A'iri p       =      as    \\.i,\JOO) \\J.\j"u)    -    U.UUOOl 

Also, for e = 1.2 and 6 * 30°, 

rj_ = 0.0590 and r„    = 0.0321 from reference (c). 

Step 2 

For ds - 0.390, P = 0.0C5, and r^ = 0.06, the following is obtained 
from these tables: 

i 
For perpendicular polarization 

T f;       _    A no 

TV -. S.45 

R2^ = 0=006 

R^_   - 4.01 

For ds = O.oaO, P = O.O^Jv and r,.   - 0.03, the following is obtained 
irom these tables: 

For parallel polaiization 

T2    = 0.99 

TL     = 2.45 

B.\   = 0.002 

R'S!    = 4.01 

The error introduced by using P = 0.005 instead of P = 0.00632 is 
negligible. 

- 6 
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APPLICATION OF  TABLES  TO 
COMPUTE   THE   RELATIVE   PHASE   SHIFT 

The relative phase shift between the perpendicular and parallel 
components of the transmitted wave is given by the equation 

A = Thi. " Th„. (8) 

The relative phase shift (A) is used in computing the effective power 
transmission coefficient of a differential area of a curved radome.   A 
discussion of the use of the effective power transmission coefficient in 
radome design is given in references (a) and (b).   For a definition of 
"effective power transmission coefficient" see page 135 of reference (b). 

APPLICATION OF TABLES TO COMPUTE THE PHASE 
DELAY (OR INSERTION PHASE SHIFT) CREATED BY 

A HOMOGENEOUS, LOSSY DIELECTRIC PLANE SHFET 

A useful application of these tables is the calculation of the phase 
delay (insertion phase shift, or insertion phase difference) created by a 
homogeneous, lossy dielectric plane shest, including the effects of mul- 
tiple reflections in the sheet.   Phase retardation data is important i»i de- 
termining the pattern distortion and beam deflections introduced by ra- 
domes. 

Perpendicular polarization 

The phase delay created by a homogeneous lossy solid dielectric 
sheet, for perpendicular polarization, is given by 

APj.     = T^_ - 2•   cos g (9) 
A 

Parallel polarization 

For parallel polarization, the equations are identical except for the 
subscripts. 

Thus, 

AP"       = Tn(l    " ^c08^ (10) 

7 - 
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APPLICATION  OF   TA3LES   TO   COMPUTE   THE 
TRANSMISSION  AND  REFLECTION  COEFFICIENTS  OF 

ANY  MULTILAYER  DIELECTRIC   SANDWICH  AT 
ARBITRARY   INCIDENCE 

Another useful application of chest; tables is the calculation of the 
transmission and reflection coefficients of rr»ulti,~- ?r plane &electric 
sheets at arbitrary incidence by means of the n.    nod outlined in Report 
No. NADC EL-5293, reference (d).   In reference (d), general equations 
for multilayer dielectric •sandwiches were developed in iprm?. of trans- 
mission and reflection coefficients of the individual layers tnken as :solid 
laminates in air, and hence are obtainable from these tables.   The equa- 
tions ir< reference (d), and the Ubles in this report may also be used i;« 
compute the transmission and reflection coefficient?; of glasses and 
plastic materials covered by opHcal coatings. 

i 

8 - 
; 
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TABLES OF TRANSMISSION AND REFLECTION COEFFICIENTS OF 
LOSSY, HOMOGENEOUS DIELECTRIC SHEETS 

- 10 
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Aeronautical  Electronic  ana  Ei*=." tr'r. a I  laboratory 

*#« w A •» M «S u i • w fl    ills i 

This report Is being distributor to the follciirj titrated activities fox information, as ftvecied by Bureau 
of Aeronautics letter A=r-i'L^U3 716/9 2 aria! 97511 c-f 24 August 1951 and subsequent revisions, to Corn- 
mender, U. 3. iii*.tt! Aii Development Center, John&vUie, PennsyivjJiia. 

Activity 

Chief of Naval OpersUsss 
0?-5<»   >••<••• 
OP-42  
OP-341D  
OP-551  

No. oi Copies 

Bureau of Aeronautics 
TD-414 ...... 
EL-21  

Code fell   .  . 

Central Radio ProparfiUon l-.ab   . 

Bureau of Ordnance 
AD-3 ,  
Re8e , , 

NATESTCErt, Patuxont, iidL, ET Div , 

NRL. Wasiungion, O. C. 
Cc-d? S340  
Code ii'iO  

V3AF !3€v»iopment Fi»ld Office, 
Main Ks»ei B"'^. WasJiiniftOn. D. C.   . 

CQMOFDFVFOR  

U. S. Kavy P. G. Sciiooi  

MSL, San Diego, Calif  

Office of Navai Research, Code 427-   . 

Office 01 Chiei Sijjisal Oifi?*!". «Jtr.tigor. 
BIdg, Wishingfcn, D. C..  .  '.  .  .  .  . 

Cambridge Research Center, 
Cambridge, Mass  

AKDB, Df-?t of Commerce, Washington. 

USAF, oandia B&se, .Mbwjuerque, K. M. 
Commanding Officer. U. 3. NAU -   . 
Research and De"fc*n'>m8nt Div, .   . 

Actn-Jtv 

RADC, Griffiss AFB, Rome, N   Tf.. 

Air Uni?f/r»it« Library, Maxwell 
AFB. Ma.         c 

AKiiiC, Baltimore, Md.. Cod? KC5S 

Signal Corps, Eng Lab, Fort 
n-onmoutn, «. 3  

AFJ3TC, FIUXICK Afi, Fia., Tecii 
Library.   .....         - 

INSORD, Applied Physics Ls.b„ John 

no. ni Copies 

Md.     . 
Jawerstty, ouver ••?:'• --^j; 

r*ACAa Lssn(ii«:.y i'iclCJ, Vi.., flfe. «. Jk, 
Gardiner, Instrument R6»«i.irch Div. 

KAUR-CD, Dayton, Ohio 
WCLRA-1 ....=. 
«VCLNC   ....... 

WCLEI. 
A'JTJA . 

EACH, Los Ange'-$5, C?l".   ..... 

BAR, flethpage, N. Y., for traussiisi.,ii 
to 

Airhornc Insrruii.enii-. Lab, file, 
toy %/xti VUUMW.J -"-^* 
Mineoia, W. V  

FzirchUd Enzina and A.ii'craf!C«rp, 
I-ilGcicoc   Ai 'i . i 4— •    1 

Famningoaie, «. %  
Grumman Aircraft Engineering 

Corp, r3etii|jagc, N. ¥.  

BAR, Buffalo, N. ¥., for trans mlttal to 
Cornell Aeronautical Lab, P.O. 

FJOX 235, *uffatio, K. Y.   . .   . 

BAR. Coiicsc Poliu, N. Y.. for 

Edo Corp, College Po«•, '• 1., 
N. Y  - ,   -  . 

USA*- Plant ftep. Buffalo, N. Y.,frw 
tra^F.miU'al to 

Bsii Aircraft Co, Bufniio: N. V.,   . 

1,'AESU Naval Rsr.eiv'u^ 8tStlon, 
w*itiii.M)KtO!'.- D. v. ...... 

-  1 
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Aeronautical   fcieclronic 

Activity No  01 Copies 

JJAR, IVuiaSj Texas, for transmit*"!', to 
Chr-r.ce Vought Aircraft Dlv, 

United Alro&ft. Corp. Naval 
Industrial Reserve Plant, 
Dallas, Texan......... i 

3AR, BalUmore, Mo'., lor trar.Hi.iittal 
to 

Gienn L. mferii'.i Go, BiUiraore 3, 
Ma  i 

BAR, El Segundo, California, for 
iransmitul to 

Douglass Atrct aft Co, F. Segundo 
Civ. El Segunto, Calif. ... I 

ivtr. Version Tucker, inugias 
Aircraft Co. El Seguncto Di?, 
El Sf.Kun-.iu. Calif  1 

''"••o'.'H Laboratories, **~it*onxl 
Bureau of Standa-ds, Corona, 
Cam.    .         i 

BAR. Ingiewinri.. California, for 
transmit!?! to 

Hughes. Aircraft Co, Culver City, 
Calif,  i 

Worthrup Aircraft Corp. Korihrup 
Field, Hav/thcr!ie, Calif.      ... 1 

BAR, St- Louts, Missouri. ?:r 
transmiiiai to 

Electronics r*es«*arch, ire, Kentucky 
--. .•*...— A—A   "   - •-    *J.-;>. =.-rr  5ar!> 

Evansvilie. Ind  i 
Emerson Electric Mamuacturing Co, 

8100 Florissant Ave. St. Louis, 
mO«    -    •    ,  ^ 

mcDmuisu Aircraft Core. P O Bos 
5*9, St. Lou;s, Mo  1 

BAR, Akron, Ohio, fcr triinrjoaittal to 
Ooodyea; Aircraft Co»p, 

Akron, C •   • 1 

BAR, Bnrbank, Calif, for fr-r.SR.m2l to 
Lockheed Atrcr ift Corp, Barbank, 

Calif  • 1 

BAR. Los Angeles, Calif., lor t?aas- 
mituu >:o 

North American Aviation, inc, 
Municios., Airport;, lo« Angflleu 
45, Call?  1 

EAR, Dov.Tse?. Calif-, for transmiltai to 
Dr. R. M." Ashby, ASrOpSysics Lab, 

Ncrth American Aviation, tee, 
Downey, Calif.   .   ,  X 

and   Electrical   Liboral-srj 

Activity 

INSMAT. Baltimore, Md , for tr*,,. 
mit .ii to 

ienoix Avlatlor. Cnrc. Scnsb; 2?-—,. 
Div. Baltimore Md    .   . 

"v cstinghouse Electric Con;, jar*. 
Wilkena Ave, Baltimore J jgi 

INS2   \T, Seattle. Wash., fo, tra- 
nsit.1 *1 to 

•Kjeing Aircr.-ut Co, Seat tie, 

INSK A .    Boston, iw;ta».. h.,- i?-j»>. 
mitt;    to 

MoMilkti Associates, lpswsr'« 
Mass  

RVvlheon Ivianufacturiag Co. 
iVaJihan. 54. Mass     . 

U. S.   Plywood Corp, pal-_nsr 
Mass.   ........ I ... , 

Or   Bruce Billings, 1^3. ri 
associates, inc, 33 Ifntni jy^ 

n; Caiabrifig*, iiuk. 
I5r   jC-akiii B.out, i-'oinrcit? C».£_ 

Cambridge 39, Mzsx   . 
Dr   K. C. Lord, Bept of Cbrouriry. 

•icTT. Cambridge, Mass.   . 

IN5M/.T, Detroit. Mich., for trw»s- 

8?' -^x Aviation Corp, I^Uiij, 

INSKA i', rort Waynfe, ind , its --—«- 
rtiittal   c> 

C.x h"sart-Fsmaworth Corf. **-« 
*   *««£ i   t«.^ 

INSM«T, Los Angeirs, C«ii«., fo» 
i.i'Snsr   trsi, tr- 

Bei:-1i* Aviation Cc./p, PaclMc XST. 
i   500 Sh€rr,i*. -Vay, Morii 
Ecllywood, C^ii'.   •   •      .   .  .  . 

Cab* ?rnla i^i'inforued Pli5'.^-» c*. 
i -44 F'CJv;•:.' ?*.  H-i.'Hjtw S3 
C '"* 

Cor- Oida-ed Vultee Airtr.^:; C'>rp 
S; t £scga, Ca>«'  

Riidi     .jrpr' fti-jtrica, ItSEi fev^ 
O.    noic B!T"<, West Lor Anir:>« 
2i   Calii  

T<;ch. ir;;' Associatos. 2730 .-Jr. 
F« ,'&a.3do T.i, G!?r:"i*s, C*it*. 

ZP« i   F tftfUo* Cos?. U42 V. iSfei 
St      \r iens, i.- A. C-_—-•.*, 
Ca.U       ..... 

INi»MAT   liiiiago. III., ior lr*«»in.;;:i»z 
to 

Collins Radio Cv>rp. f «"tar Htpjd?, 

*Jc. »f r_co.es 



Aeronautics!   Elect ri- = ;<-   an 4   K'». 

Activity Nc. of Copies 

D KttBO   . Tte, ^   5^. Cark..s ^ 

 .-. J •      £.     «. 

BRittal to n,   . 
TheFr.r^-^^,.  puua^fc, 

I      •      - -      -      -      -      .     -      -     - l -£• 

  iCiu. lor :r»a=- 

Texas to'inaBeeia,. iar, fffff •» •-••!. 
Lemm^, Av, § mtt 7eills — ^ 

aiittid to 

_   N\J-  t. We=T       • 
nazeiutie . it<l, .^^ Caj.j,  :?7i \    *, 

uroRC\iyi ~, s Tort if _ jt T » x. 
Hlllyer S,,irlaee, sf Co   ,.   ~   $Jts. 

St. Ne>(TorL  N_ T/  , 
I.unn Lar!....tf;   ,,, ' - * <_»»«" "i C ' 

AV£» —;.•.„ r„, <.t |^ =    ^ y j 
Servo C'o--,..^ „. ?r;riL ii»w j^^ 

p?.rk; )   »    jf y.   . • 
Spetlaltie,, Jac  ; tjaka Mta*r? Ei 

SyosB*, i .! t ,,.Y.         j 
Sperry ^Vojscocs Cs  Gr'•ai H***. 

L.L. i •       ' ; 
Mr. H   A• Wh«*.i„ •  W^<!> 

INoMACH, Sv-n»»(».-s ...,. -, M   f.. it« 
SUi^ 

.  ScienceU(tv    -   y  | 
Mr. A. C^tt^B, M: *rat HfM?c«*rf» 

a.id Cot; suiting ab, C«ni»-;j ATF 
F'lant. C;«»»t > r-sr*> Co, 
Schen«rt>xj^rt H. .....           i 

•NSMAT. Ne*sirsr   W. ,».. lor trw». 

Freebou nc, Mr-s*nT;i.e. 
s. J-                i-. 

i,ai»rator!««g, te-.. WW Wai^Micton 
ATC. *JlitIe* it., }*. i.  ! 

iHSMAT, C«?f4«i, N. I    tor trwwtattu: 
to 

Kails Cc.—jantttsii oi America, RCA 
Victci otrlsion, r.a!>R. « J : 

I*!?. ?. R. Brown7 nCA Victor 
lavisioi), Ca*iiac;n, N. J  J 

Dr. -vi. A.  ianrton. BCA T-shoraforles, 
Prir:cev;;S. r,-. j  | 

' « 

BEST AVAILABLE COPY 
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