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Abstract— The analytical model for radiation of a rectilinear
uniform transmission line placed above a conducting screen is
proposed. The model is intended for diagnostics (express
analysis) of unintentional interference in large complexes of radio
and electronic equipment. The model makes it possible to
compute the envelopes of the amplitude-frequency characteristics
for electric and magnetic fields in any spatial point above the
screen. Single wire above ground plane, coaxial and triaxial lines
with various grounding configurations are considered. The model
is based on replacement of the complicated transmission line by
an equivalent (in terms of the radiated field) single wire over
ground plane. Correctness of the proposed model was verified by
comparison with numerical simulation results in the frequency
band from 10 kHz to 2 GHz for lines of length from 5 cm to 10 m
with various load and source impedances, the line height above
the ground plane was varied from the radius of the line to 5 m,
the observation point position was up to 5m away from the
center of the line in arbitrary direction.
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l. INTRODUCTION

Estimation of interfering signals radiated by transmissio
lines is an important problem for electromagnetic compatibilit n
(EMC) analysis [1]. Radiation models intended for expresé
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Transmission line radiation models known to the authors
have the following limitations. Calculation by methods of
computational electromagnetics requires large computational
expense. Simple analytical models [1] are applicable only in
far-field zone. More complicated analytical models [5] are
correct for any placement of the observation point, but they do
not satisfy the worst-case requirement: amplitude-frequency
characteristics (AFCs) of the fields are jagged in high
frequency band due to resonances, and interference causes the
jagged spatial distribution of the fields. At last, the model
proposed in [6] satisfies the requirements given above, but it
does not provide the complete solution to the problem (it does
not point out a way for worst-case estimation of current waves’
amplitudes) and it is correct only for single wire placed above
the ground plane.

The objective of this paper is to develop such model of
radiation from transmission lines of various configurations
(single wire above ground plane, coaxial, triaxial) that satisfies
the above-mentioned requirements.

The paper is organized as follows. The statement of the
problem, its physical model and the approximations being used

ields radiated by a single wire above ground plane is presented

Qare described in Section Il. Solution to a problem of estimating

Section lll. Generalizations that account for shields and for
arious configurations of grounding are made in Section IV.

analysis of EMC in complicated systems (e.g., aircraft, shi o : . . ;
must meet the following specific requirements [2], [3]9\{/al|dat|on of the developed model is described in Section V.

1) Results obtained by a model must not underestimate the
field amplitude even if there are errors in initial data (the worst- Il.  PHYSICAL MODEL

case requirement). 2) A model must have high computational |n most of practically important cases, the radiating line is
efficiency in order to provide practically acceptable time ofjocated inside metallic hull of on-board system (aircraft, ship,
analysis of complicated  systems containing a lot ofan, etc.). Let us define simplifications used to develop the
transmission lines. 3) In EMC analysis, it is often necessary {godel. Only the nearest (to the transmission line) conducting
consider out-of-band interference [1]; therefore a model musfyrface is considered, this surface is modeled as an infinite

be applicable in wide range of frequencies [4] (RE101 limityerfectly conducting plane. So, the impact of the hull on the
Radiated Emissions, Magnetic Field, 30 Hz to 100 kHz; RE10¢3diated field is accounted by the method of images [7], [8].

limit: Radiated Emissions, Electric Field, 10 kHz to 18 GHz) . ] T

and transmission-line load impedances. 4) In practice, the Straight-line transmission lines parallel to the ground plane

distance from radiating transmission line to observation point igf¢ considered. Currents in cross-section of the central

usually in the range of 0.1 to 100 m, therefore (taking intcconductor and shields of the line are assumed to be distributed

account the mentioned frequency band of analysis) a modeymmetrically. It is supposed that the radiation power of the

must be applicable both in far-field and in near-field zones. ~ transmission line is many times less than the power transmitted
through the line from the source to the load.
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Grounding of the transmission line central conductor or
shield is described as follows. The central conductor or any
shield terminal can be connected to the ground plane by a
vertical wire (impedance of that wire is assumed to be zero).
The radiation from the vertical wires is not accounted in our
model, and it can be calculated by other models [3].

The following symbols are used for notation of grounding
of the central conductor or the shield end: 1 — grounding exists,
0 — grounding does not exist. The first two positions in notation
of the line grounding configuration correspond to the central
conductor, the next two positions correspond to the inner
shield, the last two positions correspond to the outer shield (so,
four symbols are used for notation of a coaxial line grounding
configuration). A symbol for grounding of the source side end
is written first, and symbol for grounding of the load side end is
written second. The following grounding configurations of aFig. 1. Characteristics of transmission lines: — radius of the central

R : . . ductorrq — radius of the central conductor and the dielectric coating (i.e.,
coaxial line are considered: the central conductor and the Sh'eﬁﬁﬂus of the unshielded wirel — outer radius of the inner shieldp —

are grounded at the source, return current flows through th&giys of the inner shield and the dielectric coating (i.e., radius of the coaxial
shield (1010); the central conductor and the shield are twicgble),by — inner shield thicknesse — outer radius of the outer shielt; —

grounded, path of return current depends of frequency (1111gyter shield thickness; — outer radius of triaxial cable; — permittivity of
the central conductor is twice grounded, the shield is oncie outer isolationg, — permittivity of isolation between the shields,—
grounded (1110 and 1101), return path is the ground p|an@(?rmittivity of isolation between the central conductor and the inner shield.
Eight configurations are considered for a triaxial line: the . )
central conductor and shields are twice grounded (111111); ghgpresented in the form [1]:
central conductor and the outer shield are twice grounded, the

inner shield is grounded at the load (110111); the central {

U(X) = Z,(A exp(yx)— A, expEyx ))
1(X) = A exp(yx)+ A, expEyx ),

conductor and the inner shield are twice grounded, the outer
shield is grounded at the source (111110); return current flows
through the inner shield, the outer shield is twice grounded
(101011); return current flows through the inner shield, the L . . .
outer shield is once grounded (101010). In additionVNere j=+-1, y=ik+d=iwLlsCq +0.5Ry /Z, s

configurations 110101, 100110 and 101110 rarely used: ipropagation constant for current and voltage waves in the line,

practice are considered. «=2nf is cyclic frequency of harmonic oscillations,

@

The axis of the transmission line is placed at height - Z, =,/L; /C; is the line impedancd,,; and L; are per-unit

above the ground pland; is the length of the line. The 5nq f|l inductance of the lineC,; and C; are per-unit and
observation point position is defined in right-hand rectangula

coordinate system with origin at the ground plane under thﬂ;’" capacitance of the lineRy is per-unit resistance of the
line center. AxisOx is directed along the transmission line line, A and A, are complex amplitudes of current waves,
from the source to the load, axi is directed along normal to defined by given valuess =1(-1/2),1, =1(1/2) of current

the ground plane (see Figure 1 in [6]). at the line ends:

Subject to above defined approximations, initial data for the
actual problem are the grounding configuration, geometrical . .
and physical characteristics of the line (Figure 1). In addition, A =l exp4 /2)-1s expty /2))/ (R sin-id1)))
currents in the central conductor are considered to be given A, =(lgexp(A /2)-1, expEy 12))/(R sink=id 1))
(they are determined by a technique described in [9]): current

|5 at the source (in the start of the line) and curdgnat the Let us define two frequency bands for development of the

load (in the end of the line). It is required to develop a worstworst-case model: a low-frequency band and a high-frequency

case model of AFCs for electric and magnetic fields in théand. It is empirically determined that the upper frequency

observation point. bound of the low-frequency band can be defined by the
following formula:

@)

I1l.  WORSTCASE RADIATION MODEL OFSINGLE WIRE
ABOVE GROUND PLANE

-1
In case of uniform long transmission line (e.g. single wire f = (2”\/ 0‘5LTCT) v CL=GCy ?)
above ground plane), equations of telegraphy have solution in 4 -
the form of current and voltage waves propagating along the
line. For harmonic dependence of voltage and current on time ) ) ]
U {)FU, exptjat),| ¢)=1,exp(jat) the solution canbe WhereC, is the load capacitance (Fig. 2).



In the low-frequency band the currentg and I are

directly substituted in the system (2). In the high-frequency L Cs
band, current waves’ AFCBA ()| and |A,(f)| computed by — | Transmission

(2) are jagged as a result of resonances. This makes the Re line R,
solution unstable to errors in parameters values. Therefore, in
this band amplitudes”A, and A, are calculated from the

Lg

| 12

E
A
A\

modules of Current$s andl L+ Fig. 2. Circuit of the transmission line connection. Parameters of the sBurce:
is emf,Rs is ohmic resistancés is inductanceCs is capacitance. The load
parametersR  is ohmic resistancé, is inductanceC, is capacitance.

2

HF _{Ms.lmaxs,L ., FO[f, -Af, f, +Af];

Mg [ls |, fOLfi,=AfF, f,+Af], (4) oa _ | TrePg F<fy; @
Af =5, f,, f,=cn/2, n=12,., 2 LI N
where f, ~are frequencies of resonancés, is a relative error Required AFCs of the fields are found by substitution of

complex amplitudes (8) in the worst-case model of radiation of

of the resonance frequencfy, definition, c is the velocity of the single wire above ground planel[6].

light, M4 is a coefficient accounting for multiple reflect®n

of current waves from the source and the lobgl,s, is a IV. WORSTCASERADIATION MODEL OF SHIELDED
maximum of the current (with account for ohmic losses): TRANSMISSIONLINES

The model is based on the following principle: a complex

transmission line is replaced by an equivalent single wire

| maxs :||S,L|ZO/ Rr, ()  (above ground plane) which radiates the same field. For that,
currents flowing through the ground plane under the

R, is the total ohmic resistance of the line (with account fofransmission line ‘are substituted fdr; and I, in the

skin effect). developed worst-case model of the single wire above ground
) ) plane (see Section IIl). Let us denote these currents as current
Expression forMg_is as follows: lss at the line end near the source and curtegt at the line

end near the load. Amplitudes of curreritg; and I 5 are

Mg =1+l /@A-TgM), determined as a product of the current flowing through the
Fe=2s~Zy 1Zs+Zy |, T =B ~Zol/ZL +Zol, ()~ central conductor and correcting coefficients which take into
account type of the line and grounding configuration of the

. : . . shields. These coefficients were derived by generalization of
where Zs is the source impedanc, is the load impedance, |y frequency coefficients of inductive and capacitive
I's and [ are modules of reflection coefficients from the coupling [1], [3] to the case of high frequencies by accounting

source and from the load (it is necessary to fulfill the conditiorior skin effect.
rsr, <1).
St A. Shield Characteristics Determined by Skin Effect

It is empirically determined that calculation of current — cpange of resistance determined by skin-effect is sufficient
waves’ amplitudes by (4) together with the use of worst-casg; high frequencies.

model [6] allows to obtain the field AFC envelope in the high-
frequency band. Resistance of a shield in the form of cylindrical tube with

4 , outer radiusrg and small thicknesd is defined by the
As a result of transition -from expression (2) to (4), _ _ . .
discontinuities can appear in AFCs of the current waves at tgrmula obtained _by integration of current density over the
frequency f, (3). To eliminate it, in the low-frequency band ¢'0SS-Section area

quantites' A, and A, computed by expression (2) are
multiplied by the smoothing coefficient Rq =1 /(200 (s —8+ (b, + 81 )exp(=b;/9)))),  (9)

where & = (T,0f ) °° is the skin-layer thickness [7§ is the

_ _ 2
Tip = B Ky, expt (f = 1, ¥ 1(051,)7), (7)  shield material conductivity.

K, =M | fo )|/ f.)-1
12 =Ma [l () 1/ A (Tu) For braided shield, radiating power is increased with

) increasing frequency as result of diffraction through apertures

As aresult, amplitudegy and A, of the current waves are in the shield. In framework of the model this effect is taken into

computed on basis dfg, |, in the following way: account by the empirical coefficient:



K, = I+ p, (1~ exp(b, /(p,d)?)) , (10) S =1-jw/ (jw+Ryy I Lgy) | (16)

where p, is the shielding parameter equal to 0.02 [18), is where Lg, is inductance of the shield placed over the ground

the ratio of the braid thickness to the characteristic size d¥lane:
aperture in the braid (chosen equal to 10).

If the shield is made from foil then the attenuation produced Ly = (27'[)_1”0' In[2h Ity —1]_ 17)
by the shield is increased with increasing of frequency as result
of skin-effect, and the empirical coefficient for shielding is T . oo .
written in form: 0 provide the worst-case estimation of currdgf, in

case of inductive coupling, at > f, the frequencyf, (3) is

K, =1- p,exp(~h. /) (12) substituted in (16). Then one can write in analogue with (15):
f = 1 S .
B. Single-Shielded Wire (Coaxial Cable) | o Ko BNy, 1< T
i - i S6 f )y, f>f
1) For the grounding configuration 1010, the return current Ko, ¢ BB (e ) Dy, o (18)
flows through the shield. The current flowing through the I g =lss EXPEjKIE),  E=05.

ground plane is determined by capacitive coupling between the
shield and the ground plane. Multiplier characterizing the

capacitive coupling is calculated by the formula: It is empirically determined that the valde= 05 provides

a worst-case behavior of the field model in the low-frequency
band.

3) For lines with grounding configurations 1110 and 1101,

h ) d b 4 th ) fthe current flowing through the ground plane is equal to the
where Ry, is computed by (9), and the capacitance Ofy e iy the central conductdt, 5 =1, 55 =Is), therefore

cylindrical shield over the ground plane is determined by the radiation of such lines is modeled by technique intended for
single wire above ground plane (see Part Ill). However,
Cay = 278 16,| 1IN(20 /1), additional resonances are appeared for these lines types at
In(2h / (13) frequencies determined by capacitanCg, of the central
Egi1 = £, In(2h/19) , conductor in the shield and inductandg of the central
(In(ryo /1) + £,In(20 /145))

conductor over the ground plane. Therefore, transition from the
) ) _ ) o ) low-frequency band to the high frequency band must be
where €4, is effective dielectric permittivity obtained under performed at the frequencf,, smaller tharf, (3):

conditionry, <4h.

S1 = J0R Cany 1A+ j0R4Cay) (12

For computation of fields’ strength, the average amplitude _ 4 i
of current I, in central conductor of the coaxial line is fy1= m'{‘ 0(321\/ 0-5-TCT) 1(2”\/0-5|-TCT1) } (19)

obtained: Cr,=21€l /In(Ry /1y,).

he = 0S5 s [1LD) - (4 ¢ Triaxial Cable
Model of a triaxial cable radiation is based on association

Value of l,, is multiplied by (10) or (11), depending Ontheof each grounding configuration with combination of

shield type. multipliers describing capacitive and inductive couplings of the
Thus, currents flowing through the ground plane are central conductor, shields and the ground plane.
Let us introduce multiplier S, characterizing the
lee =Kp ¢ BBy Oy, 5 capacitive coupling of two shields by analogy with (12):
Is=0.

Seiz = J0Rg Cangp /(A + J0R4, Canyz),
2) For multiple-grounded shield (the configuration is 1111) Cauo = 2TE,E0l /In(ry, ITy),
there is an inductive coupling between them and the ground

gﬁgﬁniggsb;%ﬁmuﬂ%\ﬂgg through the ground plane Swhere R4, is resistance of the inner shiel@g,,, is capacity

between the inner and the outer shield.

(20)



One can write for inductive coupling of shields similar to TABLE I SUMMARY INFORMATION ABOUT COMPUTATION OFFIELD

(16)' RADIATED BY TRIAXIAL CABLE
Primary
Grounding path of Formula Correcting Expression for
=1—i ico+ configuration return for fy multiplier®
S =1-jw/(jw+Ryy ILgy,), 1) current t
Lag, =(2m) sl I, /1], - o ikE
sz = (271) " fy [ ) 31] 111111 Shield 1 ®) S, Il g=1gx€
where Lg,, is inductance of the inner shield placed coaxially | =] e ke
inside the outer shield (it is determined in the assumption thit 01 11 Shield 2 ®) S Lo
going-down current flows through the inner shield and return : —
current flows through the outer shield). 101011 Shield 1 ® Sc12502 lie=
Currents through the grounding plane are computed by 1119 Shield 1 @) S, o =lse™
formulas analogous to (15) and (18). Parameters used for their
computation are given in Table and S , are multipliers
P 9 & L2 P 1011 10 Shield 2 (19) 252181z | =0
analogousS;; to S, they are computed by (12) and (16)
with the use of the outer shield parameters. nmoror | Gound | g L lg=1ge
plane
V. MODELVALIDATION 1010 10 Shield 1 ®) 25,55 | l.c=0
Validation was performed by comparison of fields . —
, =110 01 10 Shield 2 19 2 l.c=0
calculated by the developed model with reference fields ¢ (19) Stz Le
obtained nUmerica”y. & To obtain currentgs from currently

Model of a single wire above ground plane was validate The red line corresponds to numerical modeling results of
_ . - (ﬁelds radiated by the complete system including the
for the following values of parameters (see Fig.i}):is 0.18,  yansmission line and vertical grounding wires (the source and
0.50, 0.56 mmy, is 0.50, 1.25, 1.50 mn¥, is 1, 2.3, 3;h is  the load are presented by lumped elements). The modeling was
2. 3,10, 40 mm| is 0.05, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0 m. performed by the following algorithm: 1) to compute the
) o _ ~ground-plane current distribution along the line by the MTL
Coaxial transmission line model was validated for variousnethod, 2) to consider an equivalent infinitely thin wire with
grounding configurations and the following line characteristicsietrieved ' current distribution placed along the cable axis
Ly is 0.24, 0.47 mmyy, is 0.74, 1.48 mmg, is 1, 2, 3;by is  (currents at grounding wires for equivalent wire are considered

0.26, 0.52 mm; the screen type: foil, brag; is 3; thickness = equal to currentslg; and I s at ends of the line), 3) to

of the outer dielectric is 0.5, 0.7 mrh; is 10, 20, 50, 100/ mm; ' compute field distribution of the equivalent wire by FDTD
| is 0.25, 0.50, 1.0, 2.0,5.0 m. method. The ground plane was modeled by a metallic plate

L - . . with sizes 6 x 61 m.
Model of a triaxial transmission line was obtained by

addition of the outer shieldb{, is 0.33, 0.5 mm) and the The blue line was obtained as follows. Amplitudes of the

dielectric coating around the shield,{s 2.3, 3; thickness is current waves are determined with help of (2) by numerically

0.5 mm) to a coaxial transmission line. Validation was OmMPuted currentd s and I, . Obtained amplitudes of the

performed for eight practically important grounding current waves are substituted into the truncated model of a wire
configurations (see Table 1). radiation [6]. Besides, the radiation of vertical grounding wires
, ) is taken into account by the technique given in [6]. Let us
The following load and source parameters (see Fig. 2) aifine the field computation by the truncated model on the
used for all types of transmission lin@:is 5, 50, 500 OhM; hasis of numerically computed currents as a combined model.
L, is 10, 10°, 10°, 10° H, Cpis 10, 10°, 107, 10° F; Rsis
0, 5, 50 Ohmlsis 10 10° 10°H, Csis 10°°, 102 10° F. The green line was computed analogously to the blue one
, A , . but without accounting for radiation of the grounding wires.
Distance from the origin (see Section II) to the observatiogsood agreement between the red and the blue lines
points was varied from 1 cm to 5 m in diverse directions. Th@emonstrates that field computation above the finite (big)
maximal modeling frequencyf, ., =01c/A, where A is  ground plane with help of FDTD method can be replaced by
maximal size of the line cross-section with a glance of thealculation according to the truncated model [6]. This makes it
ground plane (e.gS=h+r, for a triaxial transmission line). possible to use the field calculated by the combined model
without accounting for the grounding wires (ref. the green line)
The validation results example for the worst-case radiatioas the etalon, because fields radiated by these wires are ignored
model of a triaxial transmission line placed above théntentionally in the developed model (see Section II).
grounding plane in case of the grounding configuration 111111

is shown in Fig. 3. The black line corresponds to the developed worst-case

model.
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Fig. 3. Validation results for the radiation model of triaxial cable. Simulation

parametersi=1 m, h=20 mm, r,=0.47 mm,ru=1.475 mm,rg=1.8 mm,
r=2.3 mm,bg=0.325 mm,r=2.8 mm,bs=0.5 mm,r; =3.3 mm;&,=2.3,
€=3.0,65=2.3, E=1 V,R&=5 Ohm,Ls=1 nH,Cs=1 nF,R =50 Ohm,L =1 pH,
C.=1 nF, copper conducaors are used.

a) b) AFCs of electric and magnetic fields at observation point (-1,0,0.04) m;

c¢) d) AFCs of electric and magnetic fields at observation point (-2,2,2) m.

Results of the validation show that the developed worst-
case model satisfies the requirements stated in Section I. High
computational efficiency of the model is provided by using
appropriate techniques for computation of currents [9] and
fields [6], and also by using analytical expressions (1)-(21). For
triaxial cable and grounding configuration 111111, the average
time needed for computation of one point of AFC is 144 us in
case of processor AMD FX(tm)-4100 Quad-Core and memory
type DDR3-1333.

VI. CONCLUSION

The developed worst-case model of transmission line
radiation can be used for diagnostics (express-analysis) of
EMC between on-board radio-electronic equipment of big
systems: cars, aircrafts, ships, etc. [3]. Frequency range of the
proposed model (10 kHz to 2 GHz) is restricted by capabilities
of numerical methods used for its validation (see Section V).

The loss of information about phase of the current waves is
a drawback of the model. This may cause the electric field
overestimation by an order of magnitude in the low-frequency
band. Mentioned drawback appears only for shielded
transmission lines with multiple grounding of shields.

Possible directions of the model improvement are as
follows: accounting for the influence of such objects (usually
located near to the transmission line) that can not be modeled
by the ground plane; accounting for natural resonances of on-
board system hull (based on its characteristic dimensions and
equivalent Q-factor).
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