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II 

AECTRACT 

A computer program was developed to predict and analyze electromagnetic 
interference between avionics systems on aerospace vehicles.    It  is an 
analytic tool to aid the user in establishing intra-vehicle electromagnetic 
compatibility.    The program is used to derive information which is other- 
wise impractical or difficult to obtain.      This part covers the investi- 
gation,  research, and development phases  of this program.     A study of 
physical principles, previous work, and practical experience identified 
four predominant interference coupling paths: 

0 Antenna-to-antenna 

0 Wire-to-wire 

0 Slectromagnetic field (antenna)-to-wire 

0 Box-to-box 

Basic equations and analysis techniques were formulated for each coupling 
path. These were then assembled into four practical computer analysis 
programs using FORTRAN IV language. The programs are modular and thus can 
be run separately or combined into one integral program. This report 
contains a complete description of each program including the mathematical 
models, basic equations, and analysis procedures used.  Examples of the 
application of the programs together with sample computer outputs are 
presented. The programs were developed for the CDC 6600 computer, but they 
are readily ad ptable to other machines. 
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SECTION  1 

INTRODUCTION AND SUMMARY 

Modem aerospace vehicles contain Increasing numbers of complex and 
sophisticated avionics systems that must operate harmoniously to achieve 
mission objectives.    Achieving electromagnetic corapatlbility (EMC)   for such 
avionics is a coraplex and time consuming problem.    To assist the engineer 
(whether DCD agency, prime contractor or sub-contractor)   In establishim- 
and maintaining intra-vehlcle electromagnetic compatibility  (IV3MC), the 
power and speed  of modern computers  can be  utilized with si gniflca;1. < ine 
anri cost savings.    The engineer retains  responsibility for the appropriate 
decisions as to what interference specifications and control measures are 
required,but with the tedious computations performed by the computing 
equipment,  he can devote more of his time to the design decisions. 

McDonnell Aircraft Company (MCAIR)   under contract to the Air Force 
Avionics Laboratory, has developed analytical techniques for predicting 
electromagnetic  interference (EMI)   between avionic systems  on aerospace 
vehicles.    The techniques derived are specifically for analyzing coupling 
and interference propagation paths.    The result is a series of interrelated 
computer programs to perform the operations indicated by the mathematical 
models developed for the solution of IVEMC  situations.    The development of 
the computer programs is divided Into three phases:     investigation, 
development, and verification.    This part addresses the first two phases. 
The third phase will be described In part II. 

Investigation Phase - During the Investigation phase, the basic con- 
cepts and solution approaches were established.    The IVEMC problem was 
examined, and the major EMI coupling paths were Identified by reviewing 
the physical principles involved, previous investigation results,  and 
McDonnell Douglas Corporation (MDC)   and USAF experience with IVEMC problems. 
The basic equations and techniques for the mathematical models were then 
established and verified for a number of cases. 

Development Phase  - During the development phase,  the basic  equations 
and techniques were assembled into practical computer programs.    The input 
data and the required outputs were determined, and the algorithms  were 
formulated.    The algorithms were coded for the CDC 6600 computer,  and the 
programs debugged. 

Verification Phase  - A number of tests were performed to ensure the 
validity and accuracy of the prediction models.    These  included  screenroom 
component tests,   full scale mock-up tests  in an anechoic chamber,  and actual 
aircraft tests.     Results from these and current tests will be  included in 
part II which will be submitted in September 1971. 





programs could be devieii within the scope of this contract.    The range of 
USAF interference problems was examined.    Also, an extensive  literature 
search was conducted to review past approaches and  limits  of current practice. 
Future trends  in avionics were surveyed.    From these surveys,   four coupling 
paths were determined most predominant: 

0 Antenna-to-antenna (transmitter-to-receiver)   coupling 

0 Wire-to-wire coupling 

0 Electromagnetic field-to-wire coupling 

0 Box-to-box magnetic coupling 

Antenna-to-Antenna Coupling - One of the most common interference 
problems on aerospace vehicles results from coupling from a  transmitter 
antenna to a receiver antenna.     Large numbers of radiating and receiving 
avionics are being carried on modem aircraft with a trend to higher 
powered transmitters and more sensitive receivers.     One version of the ?-k, 
for example, has transmitting/receiving subsystems which use more than 30 
antennas.     When a new subsystem,  such as an ECM pod,  is added to such a 
vehicle,  determining the probable interference without the aid of a computer 
Is  a large,   formidable task. 

Wire-to-Wire Coupling - Coupling from one wire to another within a 
bundle has   long been recognized as a serious source of HMI.     With current 
trends toward higher density packaging, more compact bundles with smaller 
wires and thinner insulation, the problem is becoming more acute.    MCAIR 
performed comprehensive investigations in this area and conducted an 
extensive  literature search so as not to duplicate previous efforts. 

Electromagnetic Field-to-Wire Coupling - Experience with avionics 
systems  in aircraft, missiles, and spacecraft has shown coupling to wire 
bundles  within the vehicle from external RF energy to be a major SMC concern. 
Usually,  the energy was from an on-board radiating antenna and was coupled 
onto the wires via gaps or openings  in the vehicle  skin.     Such apertures 
include  radomes, canopies,   landing gear doors, access doors, and engine 
intakes. 

Box-to-Box Magnetic Coupling  - Another common problem occurs when the 
kOO Hz magnetic field of an avionics box is coupled into sensitive circuits 
in other boxes.    The usual source of these fields  is  from power transformers, 
but other high current devices such as solenoids,  relays, and motors can 
also produce them.    Common receptors  for such interference include  low level 
audio and video circuits as well as digital logic and servo circuits. 

Other combinations of paths and coupling modes  can and do cause 
in'   rf-r net  , but th   f(»ur li t ä ^bov    am tb ■ b-, i*; on'-  ;   -nd 
they meet the criterion of providing the engineer with practical,  useful 
tools  for establishing IVEMC.     Further,  since they are basic,  the resulting 
mathematical models  lend themselves  to widespread applications  in analyzing 
other coupling modes. 





are given.    Where applicable,  outputs are provided that are directly 
relatable to military specifications.    For example, the wire-to-wire pro- 
gram gives the received signal and susceptibility  levels  in dB/i V/MHz as 
used  in the EMC specifications. 

The programs also provide extensive diagnostic and error data.     For 
example,  if an input code is  not recognized by the computer,  it prints  out 
the type of code as well as the bad data.    This aids  the user In  locating 
a mispunched or cut  of sequence data card. 

The programs provide for the use of classified data.    The classification 
is  inputed for each subsystem,  and the highest classification is  printed on 
the top and bottom of each page of output. 

2.3.^    Mathematical Model Formulation 

The mathematical models were formulated to rapidly survey a large 
amount of data and give a reasonable indication of the  interference that 
will occur.    The models account for major effects on interference coupling 
(e.g., aircraft fuselage shading).    The analysis  results, however, are 
sufficiently accurate to provide for correct EMI engineering decisions. 
Thus,  a balance is obtained between speed and accuracy. 

The equations and computational methods that comprise the math model 
were  formulated  from basic  electromagnetic  relationships.    These relation- 
ships   include the basic definitions of capacitance and  inductance, 
Maxwell's equations,  and the  wave equation.     Where approximations were 
used,  care was taken that the accuracy was retained.     Further, the models 
were designed to give answers  consistent with past experience and "real 
world"  situations. 

To ensure that all potential EMI is detected, worst-case assumptions 
are used for vague or undefinable parameters, such as wire separation 
within a bundle.    In many cases statistical limits could be used, but in 
a vehicle development phase,  where these programs are of most value, 
worst-case analysis is desired. 





The EM is computed by expanding Equation (3«1-)   into 

EM-P + TFS + SF     CL. CLR -SR 

where     P = the transmitter power in dBm. 

TFS = fwe space transmission factor in dB. 

SF = shading factor in dB. 

CL = transmitter cable loss. 

(3.2) 

CL R receiver cable loss. 

Thr; term "shading"  refers to signal attenuation due to propagation around 
the aircraft exterior surfaces  (fuselage and wings).     Computation of the 
terms of Equation (3»2)   is  as follows. 

'J,.^.P    Receiver Model 

3R, the receiver threshold function,  is represented by the curve  shown 
in Figure  1.    In the figure, Ffcr and Fcr are the lower and upper 
frequencies of the receiver tuning range, and Sj,, is the minimuin sensitivity 
Iffvel in dBm.    The selectivity skirt levels are  represented by SLp  (in dB) 
rnd skirt frequencies Far and T^T, which are obtained with the receiver 
Luntid to each end of its  operating frequency range. 

Sm + Sl-R 

Relative 

Power Level 

(dBm) 

Far    Fbr 

l-og10(F) 

L Receiver 

Operating 

Range GP71 0386  1 

FIGURE 1 RECEIVER THRESHOLD LEVEL vs FREQUENCY 

'1.?.3    Transmitter Model 

In a similar manner, the transmitter power spectrum, P, is represented 
as shown, in Figure 2. Only parameters for the fundamental curve shape 
are specified since those of the harmonics are assumed identical except for 
downward displacement attenuation. The limits of the operating frequency 
range are specified by F-u+j. and Fc-tf.  Skirts are represented by the skirt 
level, 3L^, and frequencies Fatf and F^-tf«  ^m ^s ^e  Pealc output power in 
iBm. The harmonic curves are displaced from the fundamental by a factor, 
HF. as shown. 
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Power Level 

(dBml 
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FIGURE 2   TRANSMITTER EMISSION POWER SPECTRUM 
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\.''..]+    Propagation Model 

The free space transmission factor, TFS, In Equation (3«~) i'- r.'.-jn'-) ly 
using the Friis transmission equation (Ref 2) 

TFS = Gx +GR + 20log10 
4 770 

where 

Gx 

GR 

D 

A 

= gain of the transmitter antenna in dB 

gain of the receiver antenna in dB 

distance between the two antennas in meters 

the wavelength in meters 

(3.3) 

3.r'.U.l    Antenna Gains 

Gv and Gp are generally functions of direction and ans ietcrmlnwi by 
k-finlng the angles 0 and*!5,  as shown In Figure 3,  in the spherical 
conrlinate system commonly used for antennas.    For an antenna at the --'ij; 
(-)   nl <1> to point P(X,Y,Z)   are 

Ö = tan 
X2 + Z2 

(0  < fe) < TT radians) 
(3.4) 

«JJ     7r  - tan (0 ^'l' ^ 2 TT radians) (.1 a) 
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FIGURE 3 LOOK-ANGLE 0 AND 4> IN SPHERICAL COORDINATE SYSTEM 
FROM AN ANTENNA AT ORIGIN TO P (X, Y, Z) 

The gain functions are approximated by a two-level mouel.    The  3 dB 
limits of the antenna main beam are defined by the angles   Si,    0p,      <t>;, 
and   <l> -i . The gain function is then 

G(0,(1>) = 
MB   [ ' *    ] 

\ and 4)   < <1) *S tl>2 / 

G,.,,.  otherwise MSL 

(3.6) 

In Equation  (3.6)  GMB IS the gain of the main-bean, and the OMfiL is th» 
mean value of the side  lobe gains.     When Gj^g and G^JSL 

are unknovm they are 
computed as follows:     (Ref ?) 

and  (Ref 3) 

GMB = 10lo9l0 
An 

(e2 - 0^1*2-*1: 
(3,7) 

GMSL = -8-3 + 0.5GMB (3.8) 



A. special situation exists for downward-pointing antennas  in that  0i, 
(-)   ,   (J>]   and ^ i cannot be defined as above.    In this case,  nov main-beam 
angles, ö^    and Ö ^ > are defined in the Y-Z (pitch)  plane and <I> ^ and 
<t>-, in the X-Y (roll)  plane as shown in Figure  l+.    New look angles are 
then conputai using 

0= tan"1 [DA sinOsin */¥] (3.9) 

*'= tan-1 [DA s;n0ccs<t>/Yl 

(3.10) 

where DA - ^X 2 + Y2 + Z2 

The gains are determined using the new angles in Equations (3»6), (3*7)> and 
(3.B). 

-Y-Z Plane 

P(X,Y,Z) 

X-Y Plane 

GP71 0386 4 

FIGURE 4   LOOK-ANGLE ©AND *  FOR THE SPECIAL CASES OF A DOWNWARD- 
POINTING ANTENNA. *   IS THE ANGLE IN THE X-Y (ROLL) PLANE, 

AND 0  IS THE Z-Y (PITCH) PLANE 

10 



3.2.U.2    Distance Evaluation 

The antenna separation,  D In Equation (3-2),   Is determined using the 
plrcraft model shown in Figure  5»    Antenna locations are specified in the 
usual fuselage station  (FS), waterllne  (WL) and butt-line (BL)  system used 
for aircraft.     For analysis,  these locations are converted by the computer 
into cylindrical coordinates  (p,  6,  Z)  (pand Z are in inches,    Öls  in 
radians).    The Z-axls of the cylindrical coordinate system is  the centroid 
of the aircraft and  is displaced vertically from the WL = 0 line,  a distance 
denoted as WLC.    The base of the conical nose section is specified by FSN. 

Y-Axis 
(WL-WLC) 

(Centroid) 
Z Axis 

■  WL = 0 
X-Axis 

FSN 
Conical 
Nose Section 
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FIGURE 5   MODEL USED TO APPROXIMATE AIRCRAFT 

D is determined by using the combination of straight  Lines,  conical 
spirnls, and/or cylindrical spirals that gives the shortest distance 
between the two antennas  over the aircraft surface.    The combination used 
depends on the relationship of the two antennas to the fuselage and wings. 
.v'ith both antennas  on the  fuselage, a conical spiral is  used when one or 
both anteanas are forward of FSN, and a cylindrical spiral is used when 
both are aft of FSN. 

For the conical spiral, the distance between two points, 

Pi ( Pi,    Öi,  Zi)  and P2 (  p2,    dp,  Z2)   is 

11 



.C-Ö2d        a2 + b2 
    +      In 

2a 

aö1 + c 

aö2 + d 

where 
^2 -^1 

ö2- ö1 

b 
Z2 -Z1 

Ö2 -Ö1 

(3.11) 

c = ya2 + b2+a20j 

d = ya2 + b2+a2ö^ 

For the cylindrical spiral  (   p^,  = Pp = Pf) > ^e distance between two ^olnt.-; 

(3.12) 
Dcv|   - y/p2^    01)

2MZ2-Zl)
2 

Straight line distances are  found using 

Dsi   ^ V   P?   +   ^2        2P1 P2 C0S (02 - öl ' + (Z2 - Zl (3.13) 

.-/hen one antenna is off the fuselage but the other  is on, as   illuHtratei 
in Figurn 6, D Is a combination of straight line and cylindrical spiral 

The tangent point on the fuselage for which D is minimum hau   i coordinate 
( •   .;un-.ing po, op,  Zp_ in the point off the fuselage) 

0t -Öjitan'1 
v^^-P? 

(3.14) 

(The appropriate sign is used that produces minimum D.) The Z coordinutf 
of the tangent point is 

Z, 
p, 10, -Ö, |z2 + z1v/pi-P? 

p, 10,-0, l+v^Pi 
(3.15) 

12 



p^      now becomes p. in Equation 3.13 and (Ö.,  Z-i)    become (Ö,,  Z.) respectively 
when calculating tne straight line segment. 

Antenna 2 
P2 (p2, ö2, z2) 

Z Axis 

Tangent Point 

Pt (pf, öt. zt) 

D = Dcyl + DsC 
P! = Pf. P2 > Pf 

Antenna 1 
?! (Pf.^.Z,) 

GP71 0386 6 

FIGURE 6   DISTANCE BETWEEN TWO ANTENNAS WHEN ONE IS LOCATED OFF 
FUSELAGE AND A PORTION OF THE PATH IS AROUND THE FUSELAGE 

When both antennas are off the fuselage and the shortest path between 
them is around the  fuselage,  D consists  of two straight  line segments and 
one cylindrical spiral segment as shown in Figure  7.    In this case, there 
are two tangent points.    The   6   coordinate for the tangent points, 0.^1 
and      ö-t2> are computed using Equation  (S.l'O  above, and the Z coordinates 
are 

B (Z1+Z2) + Z2A1 

2ti = 
B (B + A, + A2) 

(3.16) 

where A^V/äT1 
pf 

Z^B + Z2A, 
Lt2 B + A 

A2:=\/P2-Pf2 

B = pf |Öt1-Öt2 I 

pf = radius of the fuselage. 

(3.17) 
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Tangent 

Z-Axis 

P2 (p2, e2, Z2) 

GP71-0386 

FIGURE 7   DISTANCE BETWEEN TWO ANTENNAS WHEN BOTH ARE OFF 
THE FUSELAGE AND THE PATH IS AROUND THE FUSELAGE 

In the event that a wing intersects the propagation path, the wing must 
hi; Included in the distance calculation as well as the shading calculation. 
The propagation path around the wing edge must be determined such that its 
total length, D, is a minimum. First, the forward or aft wing edge is 
selected, depending on which path will have the shortest total distance. 
This-  is  determined by calculating the intersection of the wing and a 
straight line between the two antennas. Once the wing edge is determined, 
an iterative technique is used to find the point on that edge such that 
the propagation path is n -.Iniraum. A typical example, with both antennas 
off the fuselage is shown in Figure 8. For this, the distances are 
ieternined from the wing point to each antenna using the techniques described 
above. The result is the minimum distance D. 

3.2.H.3 Fuselage Shading and Diffraction 

Where a portion of the propagation path is around the fuselage, or any 
curved surface, allowance must be made for shading effects. An equation for 
the fuselage shading, as a oortion of the shading factor SF in Equation (3-2), 
was derived from Hasser,}iav. and Ishimaru (Ref k).     In  their work, a function 
was given relating propagation around an infinite conducting cylinder to 
that over a flat plane.  The function can be reasonably approximated by 

14 







o    The selectivity skirts are  Log-linear. 

o    There are no receiver responses below Far and above Fdr (no spurious 
responses;   significant  image frequency responses  are inputted as 
separate receiver responses). 

o    There is no signal discrimination;   that is, any signal exceeding 
the threshold level will appear at the receiver output. 

Wing 
Point 

Receiver 
Antenna 

GP71 0386 9 

FIGURE 9   DIFFRACTION COORDINATE SYSTEM WHEN THE PROPAGATION 
PATH IS AROUND THE WING EDGE. ATTENUATION FUNCTION IS 

CALCULATED USING ANGLES IN THIS COORDINATE SYSTEM 

B.S-'-5    Transmitters 

The  following assumptions  and approximations are  included in the 
transmitter spectrum signature model: 

o    The power output  is constant throughout the  fundamental operating 
frequency range  (i.e.,  transmitter rated peak power). 

o    The skirts are  log-linear. 

o    The only spurious outputs are harmonics. 

o    The spectrum shape of each harmonic  is the same as that of the 
fundamental. 

17 



3.3*3    Antennas 

To approximate antenna patterns,  the ECAC two level model was used. 
This model assumes: 

o    The  gain in the main beam (GWTJ   is constant for all angles within 
the  3 dB points. 

o    The  gain outside of main beam is constant and equal to Gj^g^ (mean of 
side lobe gain). 

o    The relationship of the approximation model to a typical radar 
antenna pattern is shown in Tigure   10.    Three-dimensional 
approximation patterns for typical radar and communication antennas 
are  illustrated in Figures   11 and 12, respectively, 

o    The antennas are  100 percent efficient and there is a perfect 
imoedance match to the  load or source. 

0° 

Mean Side 
Lobe Gain 

270' 

Approximation Model 

•90 o Main Beam 

Actual Antenna Pattern 

FIGURE 10   TWO-LEVEL APPROXIMATION MODEL FOR DIRECTIONAL ANTENNAS 
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Mean Side Lobe 

2 -^- 

Main Beam 
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FIGURE 11 ANTENNA MODEL APPLIED TO TYPICAL RADAR ANTENNA 

Mean Side Lobe 

Main Beam 

GP71 0386  12 

FIGURE 12  ANTENNA MODEL APPLIED TO TYPICAL 
COMMUNICATIONS ANTENNA WITH DOUGHNUT PATTERN 
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3.3«^    Default Assumptions 

The above assumptions and approximations apply to the Msic mathematical 
model and are used in all calculations.    Also included in the procedure are 
default assumptions for use only when certain equipment parameters are not 
known or not specified.    These are as follows: 

o    Transmitter harmonics are 60 dB below the fundamental, and the 
highest significant harmonic is the third.    (The program may 
accommodate to the sixth.) 

o    Receiver selectivity skirts conform with Figure  23, page 26, of 
MIL-I-6181D (to the  -80 dB point). 

o    Transmitter spectrum skirts are as defined  above, 

0    The antenna main beam gain Is calculated using Equation (3«T)« 

o    The antenna mean side lobe gain is calculated using Equation (3»ö)« 

3.1+    COMPUTER PROGRAM DESCRIPTION 

3.^1    Input Data Required 

This  is a brief summary of the input parameters required by ATACAP. 
The information is categorized into aircraft and subsystem data.    Subsystem 
data is  further divided into transmitter, receiver, and antenna data. 

Aircraft Data.    This data describes the physical dimensions of the 
aircraft and fits the cylindrical model to the actual vehicle shape.    There 
is also an option for using a round or flat bottomed cylinder.    All of the 
data is  in inches and relative to butt-line (BL), water-line (WL), and 
fuselage station (FS)  as commonly used on aircraft.    The aircraft data 
required are summarized as follows (see Figure  5): 

o Centroid WL 

o Conical Nose Limit FS 

o Bottom WL (for flat-bottomed cylinder) 

o Location of Wing Corners   (WL, BL, FS) 

Subsystem Data.    For the purpose of this analysis,  a subsystem is defined 
as a group of single band transmitters and receivers using a series of common 
antennas.     (Multiple bands and spurious responses are specified as separate 
receivers  and transmitters.)    The  following data is used: 

o    Transmitter Data 

o    Frequency range covered 
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o    Skirt frequencies 

o    Output power 

o    Harmonics  (up to sixth) 

o   Antennas  used 

o    Emission bandwidth 

o    Receiver Data 

o    Frequency range covered 

o    Skirt frequencies 

o    Sensitivity 

o    Antennas  used 

o    Bandwidth 

o Antenna Data 

o Antenna type 

o Location on aircraft (BL, WL, FS) 

o Main beam gain 

o Mean side lobe gain 

o Main beam limit angles 

3.^.2 Analysis Procedure (Algorithm) 

The procedure used in the program to implement the mathematical model 
is illustrated in the flowchart of Figure 13»  The flowchart is more easily 
understood if the two analysis steps are kept in mind: 

o Frequency coincidence 

o EMI margin 

The rest merely involves data routing and manipulation. 

First, all the data for one aircraft is read from punched cards.  The 
computer examines the data, decodes the alphanumeric codes, and inserts the 
default values where needed. Also, the hi^iest security classification of 
the subsystems is determined so that it can be printed at the top and bottom 
of each page. A summary of the input and default data is then printed. 
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The analysis  involves selecting each receptor and determining what 
sources will interfere with it.    A transmitter and receiver are selected 
from the data.    Their frequency ranges,  including the significant harraonics 
of the transmitter,  are compared for coincidence.    If no coincidence  is 
found, compatibility is assumed, and they are not analyzed further.     If there 
is coincidence, the EMI margin is determined by calculating the power received 
at the receiver front-end and comparing it to the receiver threshold.    Worst- 
case EMI margins are calculated for all antenna combinations using the 
shortest path along the aircraft surface.    All cases with margins 
exceeding the value specified in the input data are listed in the  computer 
output.    This procedure is repeated for all subsystem combinations  on the 
vehicle.   The EMI margin calculations include shading due to the 
aircraft surfaces,  diffraction around wings,   free space transmission  losses, 
and coaxial cable  losses. 

The first time an antenna pair is  encountered, the relevant propagation 
data such as  distances, angles, antenna gains,  etc.,  is  stored.     When the 
same antenna pair is again encountered at a different frequency (harmonic), 
only the frequency-dependent portions of the propagation equations  are 
calculated.    This  saves much redundant calculation and speeds execution 
time considerably. 

ATACAP contains a "new systems"  feature which,for reasons of clarity, 
was omitted from the flowchart.    This  feature  is used when a set of new 
subsystems is added to an existing vehicle.     Since the existing avionics are 
assumed compatible with each other, they are  not compared for EMI,  but the 
new subsystems are compared with each other and with the old systems. 

3.5 PRELIMINARY VERIFICATION 

The ability of ATACAP to successfully predict EMI was checked by 
comparing early predictions with later tests  on F-^ aircraft containing 
complex electronic  subsystems and numerous antennas including ECM/RKAW 
equipment.     Examination of Air Force,  Navy,   and MCAIR EMC test  records 
showed 112 tests were conducted against which the ATACAP predictions  could 
be compared.    Of the interference cases found in the tests,  only 2 percent 
of these cases were not predicted, and only  18 percent of the predicted 
interference cases did not appear. 

The numerical accuracy of the model has also been checked by comparing 
tue ATACAP predicted antenna coupling with  132 measurements on a KG-135 
aircraft made by the Air Force Avionics Laboratory.    The results are summarized 
in a histogram in Figure 1^. 

3.6 APPLICATION EXAMPLE AND SAMPLE OUTPUT 

A typical use  of ATACAP was a study performed for the U3AF  (FSCP  10R2 
M0D2362).    In this  study, a number of transmitting and receiving subsystems 
were evaluated for compatibility on the T-hc, F-^D,  and F-^E.    A typical 
configuration is  shown for the F-UD in Figure 15. 
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SECTION k 

WIKE-TO-WIRE COMPATIBILITY ANALYSIS PROGRAM  (WTWCAP) 

k. 1    BACKGROUND 

Achieving wire-to-wire compatibility on modern,   high-performance air 
vehicles   is a formidable task.     An T-h aircraft,   for example,  contains over 
16,000 wire segments.     In advanced vehicles,  more wires  are needed,  and higher 
density bundles with smaller wires and thinner insulation are being used.     An 
analysis  tool is needed that can rapidly and reliably indicate the EMI  in 
such bundles. 

The current state-of-the-art was determined by reading all of the avail- 
able reports  (Refti 7  - lU).    Investigation was conducted into applicable 
electromagnetic field theory,  circuit theory,  transmission line theory, and 
numerical analysis methods.    From this, mathematical models and analysis 
techniques were tested on the computer and compared to measured data. 

h.2    DETAILED DESCRIPTION OF WTWCAP PREDICTION MODEL 

U.2.1    Basic Model 

Coupling between wires  is  a multi-wire transmission line problem because 
the coupling mechanisms are distributed along the wires.     In general,   RE 
magnetic and electric  field effects are interrelated and cannot be separated. 
However,   at frequencies where  the wavelength is large compared to the bundle 
lengths,   a lumped-parameter circuit quite accurately approximates the dis- 
tributed parameter circuit.     Such a lumped parameter pi   circuit is  illustrated 
in Eigure  1? for two wires above a ground plane. 

Ground 

Plane 

Rw      %    L 
GP71 0386 20 

FIGURE 17 TWO-WIRE COUPLING WITH SINGLE PI LUMPED PARAMETER CIRCUIT MODEL 
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As  the  frequency Is  increased,   accuracy Is lost because the lumped 
parameters  no longer represent the dlstrihuted parameters.     However,   if the 
number of circuit pi sections is  increased,  as shown in Figure   18, accuracy 
can be maintained to as high a frequency as desired.     This can be seen in 
Figure   19    which shows the transfer  function for one,   two,   and  three pi 
sections.     A mathematical Justification for this  is presented  in the Appendix., 

Rw L 

Rw L 

FIGURE 18 TWO PI CIRCUIT MODEL 
GP71 0386 21 
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Frequency domain is used for the analysis because it allows the use of 
a varying number of pi sections. A single pi circuit is used at low fre- 
quencies, a double pi circuit at higher frequencies, and so on. Thus, 
maximum computer efficiency is achieved since the least complicated circuit 
is used consistent with accuracy. Also, frequency-dependent wire parameters, 
such as skin effect on wire resistance, can be Included. Furthermore, the 
complex matrix equations resulting from frequency domain analysis can be 
more readily implemented on the computer than the numerical methods required 
to solve simultaneous differential equations in the time domain.  Finally, 
frequency domain is directly relatable to FMC tests and specifications so 
that they can be applied directly to the analysis.  If time domain parameters 
of the Interference are required, they can be obtained from the complex 
numbers by the inverse Fourier transform. 

For the wire-to-wire problem, simultaneous analysis is used since it is 
more efficient on the computer and can account for second and higher orripr 
effects.  (Higher order effects result from signals coupling onto one wire, 
thesesigBls then coupling onto other wires, these signals coupling onto still 
more wires, and so on.  In other words, every wire effects every other wire.) 
By solving the entire circuit simultaneously, these effects are automatically 
included. Our investigation showed it is practical to analyze a two pi 
circuit of 60 conductors on the CDC 6600 computer (250Kg memory).  Larger 
bundles can be divided and run in segments, or only the worst-case sources 
and receptors can be analyzed. 

h.2.2    Circuit Parameters 

The parameters involved (Figure 1?) are the inter-wire capacitances and 
mutual Inductances, wire self-inductance, wire resistance, and wire capaci- 
tance to ground.  These are divided into frequency-independent and frequency- 
dependent categories.  In the following, all units are in the rationalized 
MKS system. 

U.2.2.1 Constant Parameters 

The frequency-independent parameters include the external self-induc- 
tances, mutual inductances, capacitance to ground, and inter-wire capaci- 
tances. 

Self-inductance of wires and shields are best determined by considering 
the effects of Internal and external magnetic fields.  Gkln effect involves 
only the internal fields, so that the external fields are frequency inde- 
pendent. The external self-inductance of a wire of radius r, , length 1, 
height h, carrying a current 1-^, as shown in Figure 20, is defined by 
(Ref. 12) 

If 
ii JA, 

B, 'dA,, (4.1) 
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B-,   is  the magnetic flux density resulting from I^, and A-^ is the surface 
between the wire and its image in the ground plane, 
for Figure 20 leads to 

ß /2h       \ 

Evaluauing Equation C+.l) 

(4.2) 

henries/meter where /x Is  the permeability of the medium.    Since   Equation  (h,2) 
only involves the external fields,   it also applies  if the wire is hollow. 
Thus,  this applies both  to solid wires and to shields. 

The situation for the mutual inductance between two wires is shown 
Figure   21.     Mutual  inductance  is defined by  (Ref.   12) 

1 

in 

M-, 
/* 

B1 'dA7 (4.3) 

where B-^ is the magnetic   flux density from wire 1 and A2 is formed by wire 2 
and  its ground plane  image.     Note that reciprocity applies so that M^ = Mpv 
For the mutual inductance to a wire or shield to another wire or shield. 
Equation (^.3)   results in 

M 12 47r 
loge 

2h\2 

(T) +1 (4.4) 

Image GP71 0386 23 

FIGURE 20  EXTERNAL SELF-INDUCTANCE OF WIRE OR SHIELD 
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GP71-0386 24 

FIGURE 21 MUTUAL INDUCTANCE BETWEEN WIRES OR SHIELDS 

henries/meter where s is the separation between centers.    For the case of a 
wire to its own shield,  as shown in Figure  22, Equation (4.3) becomes 

M„ 
47r 

log. 
2h 

(4.5) 

where r    is the outer radius of the shield. 

Capacitance parameters are determined  from the basic electrostatic 
charge and potential relations.    For the case of two wires above ground, 
as shown in Figure 23, the relations between charge and potential are 
(Kef.  12) 

01 = ?!!  Qi + Pi2 Q2 

02= p21 Q, + P22 CV 
(4.6) 
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FIGURE 22 MUTUAL INDUCTANCE FROM INTERNAL WIRE TO SHIELD 

Wires 

Ground 
Plane 

mages 

■■•••■■■■ GP710386 26 

FIGURf 23 SITUATION FOR OPEN WIRE CAPACITANCE CALCULATION 

34 



Here, ^ and c/^ are the potentials,  and Q,  and Q2 are the charges on wires 1 
and 2,  respectively.     For given charges,  the potentials can be determined 
using the method of equipotentlal surfaces   (Refs.   12,   13,   Ik).    Referring 
to Figure 23, the coefficients of Equation (k,€) are aa follows: 

p^ = cosh-1 (h^r,) 

P22 = cosh   1 (hj/^) 

4.7) 

4,8) 

Pl2 =P21 vcosh' 
s2+(r?-r?) 

2sr1 

+ cosh   1 
(r?-r2) 

2 sr2 

cosh ~ 1 
s'2+(r?-r^ 

2 5^1 
cosh 

'2-(r?-r2) 

2s'rn 

where s' is the diagonal separation to the image and is given by 

s' =N/s
2+ (2h!)2 -4shcosi 

Then,  the capacitance relations are 

27re p1 

'1G 

"2G 

'12 

det 

27re P22 

det 

-2TCeffP12 

det 

where det = p-jn  P22  - P-io     is the determinate of the p matrix. 

The effective permittivUy, €   ff,   is given by  (Kef.  7) 

R1+R2- 

ri + r2  . 

2 
-1 

eeff   "   e0   + 

[2s+R, +R2' 2 
-1 

2 1     ri+r 
2 

(e-e„ 

(4.9) 

(4.10) 

(4.11) 

(4.12) 

(4.13) 

(4.14) 

where h^and Rp are the wire  radii  including the  insulation. 

In the above,  CIQ and Cgp are the capacitances to ground,  and Cjp is  the 
inter-wire capacitance in farads/meter.    These equations apply to hollow as 
well as solid wires  and therefore can be used for shleld-to-shleld,   shield- 
to-wire,  and shield-to-ground capacitances. 

A similar approach can be used for wires within s shield.    The  shield 
is used for reference in place of the ground plane,   and capacitance from 
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wires within the shield to external wires and to the ground plane are assumed 
zero. The model can handle up to U shielded wires. For a single shielded 
wire, the wire to shield capacitance Is (Ref. 12) 

27re 

log0 
(4.15) 

farads/meter where rsi is the internal shield radius and rw is the inner 
conductor radius. 

For shielded groups of from two to four wires, the following procedure 
is used; The potential coefficient matrix terms can be calculated using 

|   cosh~1 (h2/rw)       for i - j = 0 

'i      { loge(D1/D2) for|i-j|odd 
(4.16) 

\  logp 

2a + 2b + c 

2b+ c 
for | i - j | even 

where 
b = x(rw + tw) (4.17) 

In. Equation (1+.17), x is  given In Table P"    - , is tha wire radius, tw is 
the wire insulation thickness.    Next, 

hi = (^ + U2 - b2)/(2b) (4.18) 

where H . is the shield internal radius. Then, si ' 

■sM •3    \/H? -r2 

c = h, - b - a 

hj = a + c 

(4.19) 

(4.20) 

(4.21) 

The expressions for D]_ and D- are given in Table   Hi 

TABLEU SHIELDED WIRE CAPACITANCE PARAMETERS 

I      No. of 
Wires 

in Shield 

X 

(Eq4.17) 
D1 D2 

1         2 1 0000 b + h1 + a 2b+ c 

3 1.1547 vMh1 + a)2 + b2+ (h1 +a)b ^/b2 + (b + c)2 + b (b + c) 

4 1.4142 /(h1 +a)2 + b2 
v/b2 + (b + c)2                 I 

GP71 0386 19 
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The inverse p matrix Is calculaced such that 

ic]   =  [p]"1 

Then, the capacitances are found using 
n 

C|S  =  27*2     c.g 

C= 1 

(4.22) 

(423) 

-2m c .       for i + j 

,th 

(4.24) 

Cis  is the capacitance between the iL" wire and the shield,  and Cj«   is the 
capacitance between the 1 ^ and J^" wires  in farads/meter. 

k.2.2.2    Frequency-Dependent Parameters 

These parameters involve the internal  impedance of the wires and shields, 

The He].mholtz equation can be applied to this problem,   to obtain complex 
Internal impedance of a solid wire  (Ref.   12) 

7rr„ 

Wfjl 

2a 

Ber(^   r0)    H Be, (^  r0) 

Ber-(^r0)+iBei-(^    r,) 

(4.25) 

where the primes denote differentiation cf the Bessel functions with respect 
to their arguments.    Breaking this into real and imaginary parts leads to 
expressions for the resistance and  internal self-inductance per meter of wire. 
In practice,   computations of these involved expressions can be simplified by 
fitting them with approximation curves.     In the computer program,   these fitted 
curves are much faster and give results within 2 percent of the above expres- 
sion. 

Frequency-dependent shield parameters can be analyzed in the same 
fashion.    For large radius of curvature and large shield thickness compared 
zo skin depth,  the following simplified results can be applied for the resis- 
tance and inductance of a shield (Ref. 12) 

where 

6    ■ l/y/nfßa 

ab 

'SH TrDc 

inh(T)+sin(~7) 
2t 

cosh l — I - cos , 
0/ ^   6 (^ 

(4.26) 

ts = shield thickness and 

Dc - shield inside diameter 

uL iSH 7rDc 

/2,s\ (2ls\ 
sinhl —   - sin I ~l 

^   6 

cosh (?M^ 
(4.27) 
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^.2.3 Application of Model to Twisting and Shielding 

Twisting and shielding are important methods for ccntrolling wire-to- 
wire FMI. Consequently, the program must have an accurate method for 
accounting for them. 

Since most shields used in aerospace vehicles are low permeability, 
their primary effect is to reduce capacltlve coupling. In the model, there- 
fore, capacitance from shielded wires to external wires is set to zero. The 
low permeability, however, does not prevent magnetic coupling, and the mutual 
Inductance is retained. Shield pigtails are modeled as inductances of 0.0? 
fihy  if the exact Impedance is not known. An application of this to the VTWC^P 
model is illustrated in Figure 2k. 
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FIGURE 24 SHIELDED WIRE MODEL 

To reduce magnetlcp.lly coupled EMI,   twisted wires are used.    This   situ- 
ation is  illustrated   in Figure   25 in which currents  in the source wire   !l5i 
induce equal noise currents  (ln)  in the two  receptor wires.     Tn practice, 
however,   the receptor wires are not perfectly balanced with respect  to  the 
source wire.     For this  reason,   the mutual inductance  in the model from thr 
source wire to the return wire  is  reduced slightly. 
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FIGURE 25 TWISTED PAIR MODEL I 

h.2.k    Wire Separation Considerations 

An extensive Investigation of wire positioning within a bundle showed 
that the exact location of a given wire cannot be determined exactly but can 
only be estimated on a probability basis.    For this  reason and since worst- 
case EMI is desired,  the wire parameters are calculated assuming minimum 
Separation.    The only exception is  for twisted groups,  as previously dis- 
cussed. 

U.3    COMPUTER  PROGRAM DESCKIFTION 

1+.3.1    Input Data Required 

The input data is easily obtained from information usually available 
to the user.     In some cases,   options are available to allow the user to 
specify data  In the form in which  it is available. 

Wire Characteristics Table - To free the user from having to specify 
and remember nominal wire characteristics for each type of wire,  a table of 
these parameters is  first specified.     Each type of wire  is  identified by a 
user supplied,   alphanumeric name  (e.g.,  P2TFE to identify 22 gage,   teflon 
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insulated wires). Wire diameter, conductivity, insulation thickness and 
dielectric constant, and shield data, where applicable, are specified.  In 
specifying the bundle data, only the wire name Is used to Identify the type, 
and the computer obtains the nominal characteristics from the table. 

General Bundle Data - This data aids in identifying the bundle in a 
run and gives general parameters. The following are included: 

0 Bundle designation or nomenclature 

0 Subsystem and unit nomenclature 

0 Connector nomenclature 

0 Bundle length 

0 Heigrt above ground 

Individual Wire Data - This data specifies parameters associated with 
each wire, twisted wire groupings, and grounding. The following are Included: 

o Wire type designation 

0 Twisted group information 

0 Pin designations 

0 Signal reference or return 

0 Function of loads (voltage source, voltage sensitive load, current 
source, current sensitive load, grounded wire, etc.) 

0 Termination Impedances 

0 Shield termination data 

0 Source and/or susceptibility spectra 

Spectra data - Source and/or susceptibility spectra data can be speci- 
fied three ways: 

o Read-in from measured data 

0 Built-in EMC specifications 

0 Built-in spectrum calculation routines. 

If the spectrum is known, such as from measured data, it can be specified by 
giving points on the curve. The program Interpolates (log-linearly) between 
these points.  If EMC military specification spectra for power lines is 
desired, the program has built-in MIL-STD-70UA ripple data and MIL-STD-U61 
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data for conducted susceptibility. Finally, if commonly encountered time- 
domain wave forms are known, the program will calculate the spectrum from 
the wave form parameters. These waveforms Include: 

0 Step function (switch) 

0 Rectangular pulse 

0 Trapezoidal pulse 

o Spike 

Additional Inputs - Additional inputs provide control of the analysis 
and output.    A title is read and printed in the output for run identifica- 
tion.     A printout limit is specified,  and cases with EMI margins below that 
level are not printed.    Details of a given frequency range and a plot of the 
calculated EMI can be ordered. 

4.3.2    Default Assumptions and Options 

As with ATACAP,  many parameters that are required are unknown or 
unavailable.    The default assumptions and options contained  in WTWCAP are 
summarized below. 

Unless otherwise specified,   the following bundle parameters are 
assumed: 

0    4 inch height above ground 

0    10K load impedance 

0    0.02 fihy impedance from the shield termination to ground 

If the bundle length is  unknown and the box locations in the vehicle 
are known,   the length  is approximated by calculating twice the distance 
between the boxes. 

^.3.3    Analysis Procedure  (Algorithm) 

An algorithm flowchart  is presented in Figure   26.     The input data is 
first read and processed.    The alphanumeric codes are then decoded and tested 
for errors,   the default values are  inserted,  and the appropriate spectra 
data are calculated,  where required.    The input data summary is printed. 

The constant circuit model wire parameters are then calculated.    Where 
shields are encountered,   they are set up as additional wires with the 
appropriate parameters.    For shielded wire groups,   the capacitance to ground 
and capacitance to external wires are set to zero.    Mutual and external 
self-inductances are then computed for all wires. 
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The EMI anal/sis Is initiated by setting the frequency to the initial 
value (usually 100 Hz). Based on the ratio of wavelength to bundle length, 
the number of circuit pi sections is selected. The circuit model package 
is then called into use. 

The heart of the program is the circuit model package. Tt contains 
a completely general scheme for setting up and solving by nodel analysis 
the circuit model with a specified number of pi sections. (The number of 
pi sections is limited to two only because of core memory.  If desired, 
more pi sections could be run with fewer wires using this routine.) 

First, the frequency-dependent parameters, internal self-inductance 
and wire resistance, are calculated. The Inductance matrix is calculated 
and inverted for use in the nodal admittance matrix.  Next, the admittance 
matrix is calculated.  Included are the wire parameters lumped to the 
specified number of pi sections. The termination admittances are included, 
connected to ground or between nodes as required. 

The current source matrix is then computed. The output of each source 
at the present frequency is determined from its spectrum, and voltage sources 
are converted to current sources. The appropriate inter-node and ground 
connections are Included. 

The circuit equations are solved by using a Gaussian elimination 
routine for symmetrical complex matrices to obtain the complex node voltages. 
Then, where necessary, inter-node voltages and load currents for current- 
sensitive loads are calculated. The susceptibility at the present frequency 
is determined for each load, and the EMI margins are calculated and printed. 

The circuit analysis is repeated for all desired frequencies. Plots, 
if desired, are then generated. This process is repeated for all bundles. 

U.3.U Program Outputs 

As with the other programs, a complete summary of the input data 
including any default values is first printed. The constant wire parameter 
matrix is also printed, if desired. This shows how the shields, shielded 
wire groups, etc., were handled by the program. 

Next, the frequency by frequency analysis is printed. For each 
susceptible receptor, the EMI margin, received signal level (both magnitude 
and phase), and susceptibility levels are printed for each interference 
source. The complex sum of EMI from all sources is also printed in each 
case. 

If plots of the interference are desired, the computer sorts the 
calculated data, figures the scale factors, and generates semi-log plots 
on the printer. 

If they were requested, detailed frequency range analysis outputs are 
then printed, using the same format as the general analysis. As of this 
report, no plots are available for the detailed analyses. 
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k.k    PRELIMINARY VERIFICATION 

A few,   limited tests were performed to verify the basic assumptions 
used in the analysis.    The tested bundle is   shown in Figure 27, and. the 
measured and calculated results are shown in Figure 28 for the twisted 
pair from the 28 volt switch. 
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FIGURE 27 PRELIMllNiAPY VERIFICATION TEST BUNDLE 
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U.5    APPLICATION EXAMPLE AND SAMPLE OUTPUT 

A typical use of WTWCAP can be demonstrated by the case shown in 
Figure  29,    In this example, a digital receiver output is connected to 
anon-board computer input.    The minimum spike rejected by the computer 
input logic circuitry is also shown.     To achieve EMC,  the following 
information is required: 

0     Is  it  feasible to use this bundle in the aircraft EM environment? 

0    Is the given spike rejection level adequate? 

o    what type of wiring will give adequate EMI protection with mini- 
mum w«lght? 

To answer these questions,  a bundle was devised containing the worst-case 
sources and three receptor wire configurations.    This bundle is shown in 
Figure  30,    In this way, the various receptor wires could be tested. 
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FIGURE 29 WIRE-TO-WIRE APPLICATION EXAMPLE 
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FIGURE 30 DIGITAL CIRCUIT TEST BUNDLE FOR APPLICATION EXAMPLE 

The results of the VTTWCAP analysis are sunmarized in Figures 31 through 
35.    Figure 31 shows the Induced EMI from the MIL-STD-TO^A,  115 volt, kOO Hz 
power line.    As shown, the shielded pair had no BMI, the twisted pair was 
marginal, and the open wire has definite EMI.    Similarly, the SMI from the 
28 VDC line and the 600 volt relay spike are shown in Figures 32 and 33, 
respectively.    A portion of the printed computer output is shown in Figure 
3U, and a sample computer plot is shown in Figure 35. 
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SECTION  5 

ELECTROMAGNCTIC FIELD^TO-'^RS COMPATIBILITY ANALYSIS PROGRAM (FTWCAP) 

5.1 BACKGROUND 

The coupling from external electromagnetic fields onto internal wiring 
is important  in the design of aerospace vehicles.    Usually, the fields 
enter the vehicle through dielectric apertures in the vehicle skin and 
couple onto wires  immediately adjacent.    These apertures  include radomes, 
canopies,  landing gear doors,  camera windows and air intakes.    FTWCAP 
presently analyzes only coupling onto wires from on-board transmitting 
antennas, but the computation method is completely general.    It can be 
readily adapted to analyze EMI from other RF energy sources,  such as 
ground-based transmitters,  lightning, and EMP. 

5.2 DETAILED DESCRIPTION OF MODEL 

To obtain the equivalent plane-wave RF power density at each aperture 
from the on-board radiating antennas, the propagation model from ATACAP is 
used.    The exposed wires are assumed to be adjacent to the aperture, and 
the amount of RF energy coupled depends on the aperture size and  location. 
A transmission line model is then used to compute the currents induced in 
the wire loads  (Refs  15, 16).    Worst-case electromagnetic field vector 
orientation is determined and used for the calculation. 

5.2.1   Field-to-Transmission Line Equations 

Figure 36    shows a transmission line exposed to an electromagnetic 
field. 
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FIGURE 36 TRANSMISSION LINE ILLUMINATED 
BY ELECTROMAGNETIC FIELD 

52 



1   '' ' ' ■ ->■ I ■—■ I.' ,111'  ' ■l" •■■^ 

Integration of Faraday's  law over the surface of the transmission 
line results in (Ref 13) 

I     (VXE)   •ndS=-—  /B-ndS '5-1< 

Defining the voltage across the wires at a given z as 

V(z) = -/    E    (x, zldx (5.2) 
Jo 

leads to the following transmission line partial differential equations with 
voltage and current sources included (Ref 16): 

dz 

and 

3V(z) fh 
+ ZI(z)=icj/     faj(x,z)dx (5.3) 

i' 3l(z) fb 
    +YV(z) = jo;Y(    £„'(x.z)dx (5.4) 

3z 

where a sinusoidal time dependence is assumed, E^- and B1 are the incident 
fields,  and Y and Z are the transmission line admittance and impedance, 
respectively (Ref 16). 

Equations (5«3)  and (5.U)  can then be used to derive two inhomogeneous 
second order differential equations for the transmission line currents 
and voltages  (Ref 15).    These equations are solved using the method of 
variation of parameters  (Ref 17). 

tfhen the entire transmission line is not exposed to the incide'.it 
field,  expressions for the equivalent impedance of the unexposed 
transmission line and the physical loads replace Zo and Zs  in Figure 36 
and the equations.    The resulting current in Z0 is then 

2 
c I   = • 

o D [Zccosh(7t1) -Zfe   sinhliß,) 

/ 

1 

„    [E   (b,z) -E   (o,z)] [Zrcosh7(ß„-z) + Zn  sinh7(L-z)l dz 
E1       ' 2 2 2 (5.51 

+ [Zccosh7(£2-ß^ + Zg   5^7(^-^)1^    E^x.fe^dx 

ib *>■ C2) dx. 
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Likewise, the current in Z   is given by 

',«r:;. t ,.-;;<" 

I    = 
D [Zc cosh 7 (s-t2) + Zy   sinh 7 (s- 92\] 

I ^  [E[ (b,z) -E'^O.z)] [Zccosh7(z - ^1 + Zß1 sinh 7(2 -ß^] dz (5.6) 

'/: 
[Zccosh(7e2) + Z^ sinh(7£2)l| b  E^x, C2) dx + Z    /     E^x, C^dx 

where 

Zc = transmission line characteristic impedance 

7 = complex propagation constant 

b = separation between wires 

s = total length of transmission line 

^and^ = define exposed portion of line 

(5.7) 

and 

D  =(ZcZtl + ZC2Zc)cosh7(ß2-C1) + (Zc
2+ZC2Zei)sinh7(C2-ß1) 

Zli_  and Z02  are ^e termination impedances as seen at the aperture 
edges. They are given "by 

Zei = Zc 

Zo - Zc tanh 7«! 

and 

ZS2 = Zc 

Z   - Z   tanh 7«, c o '   ' 

Zs + Zc tanh 7(s - (J2) 

Zc + Zs tanh 7 (s - C2) 

(5.8) 

(5.9) 

These equations are dependent only on the incident electric  fields,  since 
the scattered fields have been accounted for in the induced transmission 
line currents. 

5.2.2    Multiple Exposures 

The above analysis can be easily extended to wires  routed close to 
more than one aperture.    Using superposition, the analysis  is used to 
calculate the currents from each exposure, and the resulting complex 
currents are summed. 
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5.2.3    Ground Plane Effects 

This analysis can also be applied to circuits   with a ground plane 
return.     In this case,  the transmission line is  formed hy using the ground 
plane image of the primary wire.    The above equations are applied using 
twice the height above  ground for the wire separation. 

5.2.U    Shielding Factors 

Allowance must be made in the model for the overall bundle and 
individual wire shields.     Since solid shields are seldom used in aerospace 
vehicles because of weight and flexibility considerations, determining the 
exact degree of electromagnetic field attenuation is an involved task.     This 
determination involves  the size and shape of the shield weave, the number of 
picks or openings per unit  length, and many unknown factors.    Therefore,  the 
shielding factor for the FTWCAP model was based on empirical data.    From 
many measurements on all types of braided shields,  the curve shown In 
Figure  37    was selected as  representative.    Two typical measured curves 
for a single overall shield are also shown.    The shielding effectiveness 
package  in FTWCAP is separate from the rest of the  program and can easily 
be updated or changed  if other shielding effectiveness  is desired. 
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5.2.$    Bandwidth Considerations 

Since most wire  load susceptibilities are broad band, the received 
signal must be in terras of spectral density ( /xV/MHz) before they can be 
compared and an EMI margin calculated.    Thus, a factor is  used to convert 
the relatively narrow band transmitter emission to the equivalent broad 
band terms of the susceptibilities.    Thus, the received signal can be 
expressed  in dB above  1/iV/MHz. 

5.3    COMPUTER PROGRAM DESCRIPTION 

5.3.1 Input Data Required 

The data format for FTWCAP is designed to be compatible with the other 
programs.    The radiating subsystem data and aircraft data are identical, to 
that used by ATACAP, as described in Section  3A.I.    The security clsr.r.lf:- 
cation feature of ATACAP is also contained in this program.    Further,  ttv 
wire bundle data is  identical to that used by WTWCAP, as describei  In 
sort Ion U.3.1.    The only additional data required is for the aporturer;  :r. 
the aircraft  skin exposing the wire bundle. 

Aperture Data.    The following data are required for each aperture 
exposing the  given wire bundle: 

0    Identification nomenclature 

o    Location on aircraft (BL, WL, FS) 

o    Connector locations  (EL, WL, FS) 

o    Bundle  lengths to each aperture  (for default values  see below) 

o    Aperture length and width 

5.3.2 Default Assumptions 

The default assumptions  In ATACAP and WTWCAP also apply here.    This  ia 
true for the aircraft,  radiating subsystem,  and wire bundle data.    An 
additional default assumption applies to the bundle  lengths to the apertures. 
If unknown,   the conical spiral (Equation 3.11)   is used to estimate then,. 
(Note that this results in a different estimate of the total bundle  length 
for each aperture.) 

5.3.3 Analysis Procedure 

The algorithm used in FTWCAP is summarized in the flowchart of Figure 38. 
After the data is read, the default values calculated, and the data Mimmri?-:; 
are printed, the analysis is begun. 

A transmitter-antenna source is selected from the data.  Using the sane 
propagation model as ATACAP, the RF power density is computed at each 
aperture exposing the bundle. The transmission line equations are then 
used to calculate the complex currents induced in each susceptible load 
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FIGURE 38 (CONTINUED)  FTWCAP ALGORITHM FLOWCHART 
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FIGURE 38 (CONCLUDED)  FTWCAP ALGORITHM FLOWCHART 
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in the bundle.    This is calculated for "both horizontal and vertical polariza- 
tion, and the worst-case value is selected.    Included is any attenuation to 
the RF fields caused by overall bundle and individual wire shields.    The 
complex signals  induced in the loads from each exposing aperture are summed 
to obtain the total received signal level.    EMI margins for each  load are 
then calculated and printed when greater than the printout  limit. 

Calculations are made at the lowest, center, and highest frequency for 
each transmitter at the fundamental and at each significant harmonic. This 
procedure is repeated for each transmitter-antenna source on the vehicle. 

5.3»'+   Program Outputs 

In addition to the input data summary, FTWCAP provides complete informa- 
tion regarding the analysis.    The information is divided into RF power 
density and EMI margin sections.    The propagation data for each aperture 
and frequency is given in the RF power density section.    These outputs 
include the RF power densities in watts per square meter, propagation path 
code, and shading from wings and fuselage.    The EMI margin section provides 
the information pertinent to the transmission line calculation.    For each 
receptor pin, the EMI margin, total received signal (magnitude and phase), 
shielding attenuation used, and the susceptibility level are given.    In 
addition, the security classification, if required, is printed on the top 
and bottom of each page. 

5.U    APPLICATION EXAMPLE AND SAMPLE OUTPUT 

An actual case of interference on an F-UD aircraft provides a good 
example of an application of FTWCAP.    In this case, radiation from the upper 
UHF communications antenna was entering two apertures and coupling onto 
a video coaxial line of a receiving system.    The situation is shown in 
Figures 39 and kO.    This information was fed into FTWCAP to generate the 
outputs shown in Figures hi and h2.    From this, it could be seen that 
Interference would occur.    (The fix was to install an overall shield on 
the bundle.) 
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FIGURE 40 SCHEMATIC REPRESENTATION OF SITUATION IN FIGURE 39 
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FIGURE 41  SAMPLE RF POWER DENSITY FIELD-TO-WIRE COMPUTER OUTPUT 
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FIGURE 42 SAMPLE EMI MARGIN FIELD-TO-WIRE COMPUTER OUTPUT 
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Magnetic Dipole Model for Calculated Data.    The expression for the flux 
density from wire loop carrying current I along the  loop  is  (Ref I'») 

where 

M0 I a2 N 
(6.1) 

2{a2+z2) 
3/2 

3 = magnetic flux density  (webers/rrr) 

fj^- permeability of free space 

I = current in the  loop (amperes) 

a = radius of the loop (meters) 

z - distance from center of loop to observation point (meters) 

N = number of turns in  loop 

As applied to HTBCAP, an equivalent current is obtained based on the trans- 
former efficiency such that B represents the worst-case  leakage  flux. 
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It is given in terms of the input current to the transformer^ Ip, by 

1 =| sT^ 
e  p 

where   T;  is the transformer efficiency.    From Equation (6.2)  combined with 
Equation (6.1), the flux density versus distance  from the transformer can 
he determined. 

(6.2) 

Measured Data.    If measured data is available,  it can be fitted to 
the dipole model, and the model can be used to extrapolate the field at 
other points.    Measurements of the magnetic flux density at two points are 
required.    The magnetic flux is then given by 

B(22) = B(z1) 

where ae is the equivalent  loop radius. 

a2 + z,2 
e 1 

a2 + z2 
ae Z2 

3/2 

(6.3) 

ae   = 

/<> 

'B^) 1   3/2 
■? 

' 
B(z2) 7 

■J - 1 B(z1 
2/3 

\       1 B(z2) 

(6.4) 

In the above zi and Z2 are the two measurement distances from the transformer 
center, and B(?^)  and 8(20)  are the measured flux densities in webers/r 'my. 

6.2.2    Receptor Models 

Receptors of low frequency, magnetic interference in boxes are usually 
transformers.    Such transformers are used for inputs to high gain audio- 
frequency amplifiers,  such as intercom and servo amplifiers.    In the 
calculated data case, a dipole model similar to the above can be used to 
calculate the interference.    If measured data is  available such that the 
box is susceptible to a known magnetic field, the source and susceptibility 
fields only need be compared to obtain the EMI margin. 

Calculated Data.    The calculated susceptibility is based on the frequency- 
domain (Fourier transformed)  version of Maxwell's  induction law 

VXE = -icjB 

The induced EMF in the secondary of the transformer can be obtained by 
integrating Equation (6.5) over the loop area.  It is 

(6.5) 

£= OJBA (6.6) 
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where 

C = induced EMF in loop (volts) 

co = angular frequency 

B   = total flux density in the loop 

A = area of the loop. 

The ausceptibility is determined by assuming the transformer to be an M turn 
Loop with a high permeability core.    For worst-case, the medium permeability 
is assumed to be that of the core.    The open-circuit potential induced in 
the secondary can be calculated using Faraday's  induction law, and this is 
compared to the amplifier input susceptibility level to obtain the EMI margin. 
(Mote:    This  is worst-case;  the maximum error by using open-circuit potential 
is 6 dB.)     This   induced potential is 

V, = coMB(z))nA (67) 

where 3(2)   is the flux density from Equation (6.1) or (6.3), as applicable, 
z is the distance between source and receptor, (j. is the receptor core 
permeability,  and A is the receptor core area. 

Measured Data.    If data is available from MIL-STD-Uöl RS01 tests,  it can 
b^ used.     In this test, a loop of wire is placed near the equipment at a 
known distance,  and the  loop current is  increased until the specification 
limit is obtained.    The dipole relation. Equation (6.1),  can be used to 
calculate the equivalent free space magnetic flux density at the box center 
location.    Thus,  the box is known to be susceptible to a certain equivalent 
flux density at  its center.    To obtain the EMI margin from a given source, 
Equation  (6.1)   or (6.3), as applicable,   is used to obtain the flux density 
at the box center, and this  level and the susceptibility level are compared. 

6.3    COMPUISR PROGRAM DESCRIPTION 

6,3*1    Input Data Required 

The input data is easily obtained from information normally supplied 
to the user. In some cases, a number of options are available to aid the 
user in specifying data in the form in which it is available. 

General Box Data. This data aids in identifying the equipment boxes 
being considered in the run.    The following are included: 

0 Subsystem designation or nomenclature 

0 Number of boxes  in each subsystem with respective nomenclature 

0 Box location in vehicle  (geometric center BL, WL, FS) 

o NuTiber of transformers in each equipment box 

es 



JIWiilWilWi't'^!W"BM'^fW<!lli<k'^^WW'''^u)t^*^'T^'l'
l.wwi'W 

--* 

Individual Transformer Data.    This data specifies parameters associated 
with each transformer.    The following are included: 

o    Transformer location with respect to geometric  center of respective 
boxes 

o    Input and output voltages and currents 

o    Core material magnetic permeability 

o    Number of turns  in primary and secondary windings 

o    Susceptibility level of devices being fed by receptor transformer 
secondary 

o    Loop area of coil winding 

6.3..?    Default Options 

The default options usable in the BTBCAP are summarized below: 

o    Transformer locations are assumed to be at the  geometric center of 
the respective boxes. 

o    When experimental emission or susceptibility data is available,  the 
box is treated as a single transformer. 

6.3.3    Analysis Procedure 

An algorithm flowchart is presented in Figure    hk.    The input data 
pertaining to each subsystem boxes and respective transformers are read 
and processed.    The default options are inserted, and an input data summary 
is printed. 

The experimental data is then read and processed for emission and 
susceptibility.    If experimental emission data is available then, only for 
emission purposes, the box is treated as a transformer.    The same holds true 
for susceptibility data. 

The analysis is begun by selecting the first specified receptor and 
computing the 3MI coupled to it from all source transformers.    The first 
source is selected, and the methods used for emission and receptor data are 
denoted.    The EMI margin is then calculated  and contained in the output  If it 
exceeds the printout  limit. 

This process is continued until all the emitters have been considered. 
Upon the completion of the emitter cycle, the routine  indexes to the next 
receptor, and the process is continued for all receptors. 
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FIGURE 44 BTBCAP ALGORITHM FLOWCHART 
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6.3.U    Program Outputs 

As with the other programs, a complete summary of the input data 
including any default values  is first printed.    Next, the complete analysis 
of each receptor is printed,  specifying the source, EMI margin, and the 
method of calculation. 
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SECTION 7 

CONCLUSIONS AND RECOMMENDATIONS 

The mathematical models and the computer programs described  in this 
report are accurate, practical, and useful tools for establishing intra- 
vehicle electromagnetic compatibility.    They aid the user in determining 
and fixing potential EMI problems on a vehicle for the four primary coupling 
paths.    They also aid in establishing the SMC implications of modifications 
to the vehicle and specification alterations. 

The purpose  of these programs  is to rapidly survey the data and quickly 
indicate potential EMI.    As a result,  the models contain some approximations 
and worst-case assumptions.    In a few instances, the predicted EMI situations 
require further investigation.    The auxiliary outputs of the programs can be 
used to aid in these additional efforts.    For example, the constant  wire 
inductance/capacitance matrix in WTWCAP can be used  in devising input data 
for a time-domain circuit analysis program such as CIRCUS,  SEPTRE,  or ECAP. 
Also, the ATACAP outputs can be used to determine which antenna pairs need 
near-field calculations (Ref 19). 

This part presents the work done in the research and development 
phases  of the contract but not the verification phase.     Consequently,  the 
models presented here have not been thoroughly tested yet (with the exception 
of ATACAP).     Where preliminary verification data was available,   it has been 
presented to validate the assumptions and approximations.    During the next 
phase,  extensive verification tests will be performed and the results 
contained in part II, 

The mathematical models encompass more than four specific EMI paths. 
Because they are basic models of the physical mechanisms  of EMI coupling, 
they are readily adapted for other specific coupling paths.     For example, the 
magnetic dipole transformer model from HTBCAP and the wire circuit model from 
',iT.OP could be combined and adapted for transformer-to-wire EMI calculations. 
Thus, the models  can be used as basic building blocks for all combinations of 
EMI sources and receptors including antenna-to-box, wire-to-box,  wire-to- 
antenna, etc.    These models also have wide application to other areas related 
to intra-vehicle EMC.    This includes interference from sources off of the 
vehicle such as  ground-based emitters,  other vehicles,  EMF^ and  lightning. 
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APPENDIX 

VALIDATION OF LUMPED PARAMETER MODEL 

Consider the circuit in Figure 1+5. 

GP7103a6-51 

FIGURE 45 TRANSMISSION LINE 

The iifferential equations required for the solution of this traasmission 
lint? problem are 

dV 

dx 
-Z i 

— - - YV 
dx 

(A.I) 

(A.2) 

where Z is the complex line impedance per unit length and Y is the complex 
shunt admittance per unit length of the line. These equations can be 
solved for the voltage across the load impedance Z^ by differentiating 
(A.l) and using (A.2) 

d2V 

dx2 
(ZY) V 

The solution of the previous iifferential equation is 

V(x) = Ae VZY + Be-xx/ZY 

Applying the appropriate boundary conditions leads to an expression 
for the equivalent impedance as seen from the generator 

(A.3) 

(A,4) 

A =Zc 
ZL cosh (7«) + Z0sinh(7C) 

Z0cosh (y<i) + ZL sinh (7t) 
(A.5) 

Z0 and 7   in the above are respectively the characteristic irapeifmce  and the 
propagation constant of the transmission line. 

Z 

Y 

1 /^ 

(A.6) 

(A.7) 
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Compare this to the lumped parameter circuit in Figure 46, 
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FIGURE 46 EQUIVALENT LUMPED PARAMETER CIRCUIT 

The impedance as seen from the generator is 

Z: (A.8) 

Considering (2YZL)/J+ to be negligible in comparison with the other terms  in 
the denominator of (A.8) , this expression is identical to (A. 5)  where the 
hyperbolic  functions are expanded to second order.    This shows that when the 
previous approximations are valid,  the two formulations are equivalent.    For 
cases where the approximation in (A.8) and the expansion to second order of 
(A.5)  are not valid, additional parameters (pi sections)   are added. 
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