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A simple technique is presented for modifying electromagnetic aperture- 
coupling integral equations that are based on an infinite-ground-plane 
assumption. to partially account for excitation modifications which result 
from plane-wave interaction with a side of an actual three-dimensional 
scatterer. The technique is based on incorporating the solution for a 
conducting wedge into the integral equations. Results are presented f o r  
coupling to coaxial connectors which are more consistent with experimental 
observations. 
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INTRODUCTION 

For linear and isotropic media, aperture penetration problems are 

often decomposed into three constituent electromagnetic components in the 

region external to the aperture. Specifically. a free-space incident 

field, a field component scattered by the obstacle with the aperture short 

circuited, and an external "perturbed-field component" due to the fields in 

the aperture itself. The fields in the interior region are coupled to the 

fields within the aperture through an appropriate Green's function. The 

first two components of the external problem are often considered to be 

"excitation terms." For problems in which the geometry is separable, these 

terms are generally straightforward to determine. The perturbed component, 

however, is often impossible to determine exactly even for separable 

geometries and simple aperture shapes. An integral equation statement f o r  

the aperture fields can usually be made in the general case; however, the 

interior and exterior Green's functions are often not known, and even in 

the special cases when they are known the solution of the integral equation 

will be difficult. Thus. to make the solution of aperture penetration 

problems tractable, simplifying assumptions are usually introduced. 

For geometries which do not have many reflection boundaries, a common 

simplification is to make the purely mathematical assumption that the 

aperture is located on a flat conducting plane of infinite extent. The 

assumption is convenient mathematically because the external Green's 

function associated with the perturbed component is well known and of 

simple structure (at least for the case of a homogeneous exterior region). 

For sufficiently high frequencies this assumption is often physically 

reasonable (for the external problem) locally to the aperture. However, 

the infinite-ground-plane assumption is generally not appropriate f o r  



calculating the aperture-short-circuited reflected-field component. 

Although this point should be obvious in many situations, the assumption is 

occasionally used in practice with unknown consequences. A subtle example 

which demonstrates some of the consequences is considered in this paper. 

The example was chosen because of its practical significance, and the fact 

that the example does not initially appear as though significant errors 

will be introduced by adopting the infinite-plane assumption when the 

reflected-field component is calculated. 

The problem of interest is that of an exposed coaxial connector 

situated on a weapon system. The mathematical model for this problem has 

been exclusively based on a coaxial waveguide which terminates at a 

conducting plane (flange) of infinite extent [l]. For this configuration, 

the problem lends itself quite naturally to an integral-equation 

description for the aperture electric-field distribution which is solvable 

by the moment-method technique. For a TM (to z) incident plane wave, as 

shown in Figure 1 .  the effective height of the connector [ l ]  is maximized 

when the incident wave is at the grazing angle 0 . a  for the case kp<l. 

This is because the quasi-static effective height of the connector is 

dependent on the total charge on the top surface of the central post, and 

this is maximized for ei'0. Consequently, one is tempted to assume that 

the maximum quasi-static effective height for the connector on the actual 

weapon is obtained for the broadside incident wave as shown in Figure 2. 

However, experimental measurements have shown that the effective height 

(area) of aft-mounted multi-pin connectors is maximized for angles of 

incidence far off broadside [2]. Thus, the broadside edge of the weapon 

which is parallel to Ei significantly modifies the surface charge on the 
aft. A more appropriate model is to use the wedge shown in Figure 3 .  

1 

In a strict sense, the aperture penetration problem has been totally 

-10- 



J 
X 

Figure 1: Flush-mounted connector geometry for an infinite-ground- 
plane termination. 
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Figure 2: Cross section of a connector situated on the aft of a weapon 
sys tern. 
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I 
CONNECTOR 

RIGHT-ANGLE CONDUCTING WEDGE 

Figure 3: Analytical model used to calculate surface fields locally to 
a connector situated on a weapon system. 



recast by placing the connector on the wedge. The Green's function for the 

wedge is considerably more complicated than for the infinite plane. Thus, 

specification of the external perturbed-field component due to the annular 

aperture is much more complicated as well. As noted. for sufficiently high 

frequencies the infinite-plane assumption is approximately valid locally to 

the aperture. In this case "sufficiently high" implies that the connector 

is a significant portion of a wavelength away from the edge. For 

frequencies that satisfy this constraint, a hybrid approach is suggested. 

Specifically, the wedge is used when calculating the excitation terms, 

whereas an infinite plane is used for the exterior perturbed component. 

It is noted that similar hybrid formulations have been discussed in 

the literature. Notably, GTD/moment-method hybrid formulations have been 

successfully used for the problem of determining the plane-wave-induced 

surface current on monopole antennas which are situated on wedges or on 

finite ground planes [3]. This hybrid formulation, which modifies all 

three components of the coupling problem, is useful (and necessary) for 

geometries which involve many diffraction and/or reflection boundaries. 

For the class of interior coupling problems considered in this paper, it is 

shown that good results are obtainable by performing a straightforward 

modification of only the excitation terms. Though the success or failure 

of this approach is of course highly dependent on the geometry on which the 

aperture is located, there are m y  generic objects of interest to which 

this simpler approach can be successfully applied. 

ANALYTIC EXPRESSIONS FOR THE RIGHT-ANGLX CONDUCTING WEDGE 

For a TM or TE (to x) incident wave, the conducting-wedge problem is 

separable and the solutions are well known [4]. For the problem of 
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-i jkpocos(a-8i) 
interest, only the TE (to x) case is required (H =x Hoe 

H denotes the peak amplitude). The surface normal electric field, E is 

, where 

0 n' 

where E denotes the peak electric-field amplitude of the incident wave. 

The surface current density. J is given by 

0 

Y' 

In these expressions, Jv. where v is a real number, denotes the standard 

Bessel function of the first kind, and k denotes the wavenumber. The 

derivative of J with respect to its argument is denoted by J;. An 

exp(jwt) time-convention was assumed. These functions are depicted in 

Figures 4 through 9 for various angles of incidence and values of kpo. 

Several features associated with these figures are worth noting: 

V 

(1) Grazing incidence (8.=0") gives rise to a surface normal electric 

field (electrically removed from the edge) which is one-half the value 

obtained on an infinite ground plane: (2) At 8.= 45O the contribution due 

to the summation in Equation (1) vanishes in the limit kp,+O, and therefore 

IEnI vanishes as kp,+O; (3) For ei# 45'. IEnI exhibits the required 

cube-root edge singularity as kp, vanishes: (4) IJy/HoI -$ 3 as kp, -$ 0; (5) 

At ai= 0 .  I Jy/Ho I -$ 1 as kp,+ 0 3 ;  (6) For Oi# 0, lJy/Ho I -$ 2 as kpo+ 03 . 

1 

1 

4 

APPLICATION TO THE COAXIAL-COmCI'OR COUPLING PROBLEM 

In reference [l]. an integral equation was derived that describes the 

TM (to z) symmetric modes for the coaxial waveguide which terminates flush 
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Figure 4: Normalized normal electric field on the top surface of a 
right-angle conducting wedge with the aperture short-circuited. 
Fixed kp,values of the electric field as a function of incident 
angle are shown. 
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Figure 5: Normlized normal electric field on the top surface of a 
right-angle conducting wedge with the aperture short-circuited. 
Fixed incident-angle values of the electric field as a function 
of kp, are shown. 
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Figure 6: Normalized normal electric field on the top surface of a 
right-angle conducting wedge with the aperture short-circuited. 
Fixed incident-angle values of the electric field as a function 
of kpo are shown. 
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Figure 7: Normalized surface current density on the top surface of a 
right-angle conducting wedge with the aperture short-circuited. 
Fixed kp,values of the surface current density as a function of 
incident angle are shown. 
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Figure 8: Normalized surface current density on the top surface of a 
right-angle conducting wedge with the aperture short-circuited. 
Fixed incidentagle values of the surface current density as a 
function of kp,are shown. 
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Figure 9: Normalized surface current density on the top surface of a 
right-angle conducting wedge with the aperture short-circuited. 
Fixed incident-angle values of the surface current density as a 
function of kpoare shown. 

-21 - 
I__ -__( ~- --- 



with a conducting plane of infinite extent. The basis for this equation 

was continuity of the azimuthal component of the magnetic field through the 

aperture . For TM (to z) plane-wave excitation (such that Hi = 
h 

'kpcos(n-ei)) this integral equation is given by 

J",.P' P '  E ( P ' )  ~,(P,P') = - j  2 Ho Jl(kp cos(r - 0,)) , a<p<b. 
PO 0 

( 3 )  

where the kernel, X2 , is given in [l]. and E denotes the unknown radial 
0 PO 

aperture electric field which gives rise to the TM (to z) symmetric modes 

in the coaxial waveguide. The term on the right side of (3) denotes the 

symmetric component of the TM (to z) free-space incident plane wave and the 

aperture-short-circuited reflected wave. This is the term which will be 

modified by the wedge solution. For this purpose, it is necessary t o  

introduce a shifted coordinate system as shown in Figure 10. The axis of 

the coaxial waveguide is located a distance y from the edge of the wedge. 

Because the integral equation is based on the azimuthal component of 

the magnetic field, it is necessary to write wedge solution (2) as J y = 

Hxx = -9 H sincp + p H coscp. and then use the term -H sinq. Finally, 

because the symmetric component of this term is required, it is necessary 

h 

Y 
h h A 

X X X 

to average over cp. Therefore, to incorporate the effect of the wedge on 

the excitation term in integral equation (3) .  the right-hand side of ( 3 )  is 

replaced by 

a, 
?r 

- - H  4 2 ene 'nT'3 cos[$(?r-Oi)] { & [dcp sin9 J2n(ky + kp sinq) 
3 0  - 

n=O 3 

where en=l for n=O and en=2 for n2l. and po in (2) has been replaced by 

-22- 



c 

Figure 10: Shifted coordinate system for merging the two models 



y+psincp. This modification is appropriate for y > A+b, where h is the 
wavelength, and for gi parallel to the edge of the wedge. The integral can 

be evaluated as a summation over products of Bessel functions [SI; however, 

the numerical evaluation of the integral representation is simpler t o  

implement and more efficient to evaluate. 

EXPERIMENTAL COMPARISON 

Previous experimental studies have examined the (matched-load) 

effective area of commercially available multi-wire connectors placed 

within a conducting box [2]. The single-wire connector considered here 

represents a simplification of these actual devices. Thus, specific 

amplitudes predicted by the hybrid theory for a similar edge offset to the 

connector are expected to differ with the previous measurements. Basic 

trends, however, should be similar. 

Measurements on a single-wire connector in a conducting box would 

allow a more direct comparison of both angular trends and specific 

amplitudes predicted by the theory. Since hardware was available that 

would allow such a measurement. we conducted a brief experimental study. 

The test geometry was a large coaxial aperture centered on the face of 

an rf-tight box that was 50 cm on a side. The coax had an outer diameter, 

2b. of 6.03 cm. and an inner diameter, 2a, of 2.54 cm, for a characteristic 

impedance of approximately 52 Ohms. The coax was 42 cm long, with the 

final 10  cm being a conical transition section that terminated in a 

standard type-N connector. 

Figure 11 depicts the measurement set-up. A Wiltron Automated Scalar 

Network Analyzer system performed the transmit-receive-data recording 

functions. This system consists of a Model 6647A programmable sweep 

-24- 
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Figure 11: Experimental set-up. 
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generator, a Model 56OA scalar network analyzer, a Model 85 controller, and 

controller software. To achieve the dynamic range we required, an external 

1 W solid-state amplifier (1.7 to 4.2 GHz) was used. 

We first characterized the incident field with a 2-5 GHz standard gain 

horn. We then measured the response of the open coax relative to the 

standard gain horn. These data, along with the calibration curve for the 

horn, allowed us to determine the power received by the open coax. 

The results are shown in Figure 12 for the case of a termination which 

was matched to  the line impedance. A moment-method numerical procedure was 

used for the solution of Eq. (3) with right-hand side given by (4). Note 

that the agreement in both the angular trend and the amplitude is quite 

good. Only a narrow bandwidth is displayed due to a suspected shunt- 

capacitance mismatch which became significant above 2.5 GHz at the 

transition from the large coax to the type-N connector. The accuracy of 

the hybrid model. however, should improve with increasing frequency (within 

the TM symmetric mode and moment-method limitations). The theoretical data 

is based only on TEM propagation; however, above 2.28 GHz the TEll mode is 

above cutoff. The good agreement above this point clearly indicates the 

dominance of the TEM mode relative to Ell when the incident wave excites 

both of these modes. As a final note, had the hybrid approach not been 

used to compute the theoretical results, the 30 degree and 0 degree curves 

would have essentially been reversed. 

Additional theoretical results are shown in Figure 13 .  

CONCLUDING REMARKS 

This paper was motivated by the fact that important angular dependence 
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Figure 13: Further theoretical results for the configuration 
described in Figure 12. The effective area based on a 
line-matched load is shown. 
effective area was calculated from the received time- 
averaged power by forming 2 q0 P/(Eo)*. where qo 
denotes the impedance of free space and P denotes the 
time-averaged power. 
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associated with certain aperture-coupling problems is often inaccurately 

characterized by exclusively using an infinite-ground-plane assumption. 

The specific example considered was that of a connector on a weapon system. 

A simple theoretical technique was presented for modifying existing 

connector-coupling codes which are based exclusively on this assumption, t o  

partially account for modifications in the excitation terms caused by the 

three-dimensional nature of actual weapons. Results obtained are much more 

consistent with experimental observations. Although the connector coupling 

example was the only one considered here, the technique should be useful 

for other similar types of aperture-coupling problems when corners are 

involved. Because only the excitation terms are modified, the limitation 

of the technique is that the aperture must not be electrically close to the 

edge of the wedge. More rigorous techniques could be adopted t o  

accommodate this case [3]. 

For a given frequency and aperture offset from the edge of the wedge 

(po), one can obtain a quick approximation for the angle of incidence which 

will give rise to the greatest coupling by using the results for the 

surface fields for the conducting wedge presented in Figures 4 through 9. 

For future study, it would be of interest to measure the power 

received by a single-wire connector placed at the end of a conducting 

cylinder, and compare those results with the rectangular-wedge hybrid 

theory. 
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