
RI = 1010g(~T12) (5) 
where 0 is the incidence angle, and cp the polarisation angle. T, is 
the calculated transmission loss for an electric field parallel to the 
plane of incidence, and T, for an electric field normal to the plane 
of incidence. 

Expeuimental resur‘ts: To validate the method, a 4.7 x 4.7mm 
metallic grid was tested. It allows transmission losses from 10 to 
50dB, the functiori of the frequency. With the element mounted 
under test, it has been verified that the field is diffuse enough to 
perfoim measurements from 400MHz to 20GHLz. 

\- 
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Fi,g. 2 Comparison between measured and theoretical transmission lo.ss 
R f o r  4.7 x 4.7nIln .metallic grid 

frequency, GHz /81012/ 

0 average R’ - max/min R’ 
theory 

Fig. 2 shows the average, the maximum and the minimum 
measured R‘ for seven different configurations of the laboratory. 
Those configurations correspond to different surface areas of the 
grid, different types of antennas, and different values of the 
absorption of the chambers. 

The experimental results are in accordance with theory and with 
plane wave measurements, when all incidence angles and polarisa- 
tions are taken into account (using eqns. 3 - 5). 

The theoretical transmission loss R‘ of the grid has been calcu- 
lated ;according to ;i numerical method [2]. 

Measurements of grids with other dimensions have allowed us 
to verify that the results only depend on the characteristics of the 
element under test [3]. Thus this method can be validated in the 
range 5 - 60dB. 

Conclusion: Transmission loss measurements can be performed 
from 5 to 60dB, in the frequency range 400 MHz - 20GHz. This 
estimated measuring accuracy is kl  dB. This new measurement 
method is well suited to determine the characteristics of building 
components for indoor and urban radio wave propagation mod- 
els, arid for electromagnetic compatibility prediction models. This 
laboratory has allowed us to measure brick, concrete, plaster, 
shielded glass. 
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Theoretical error in the integral equation 
ME1 

J.M. Rius,  C.P. Carpintero, A. Cardama and 
J.R. Mosig 

Indexing terms: Electromagnetic wave scattering, Nuwzerical 
methods, Sparse mutrices, Intecqal equutions 

The theoretical, or non-numerical, error in the integral equation 
ME1 (IE-MEI) is analysed and compared to the numerical error 
in the method of moments (MOM). It is found that, although this 
error does not decrease with the discretisation step, it is smaller 
Tor the usual discretisation than the error in the MOM. 

Introduction: The measured equation of invariance (MEI) was 
introduced by Mei e t  al. [l] as an efficient technique for numeri- 
cally deriving the mesh truncation coefficients in finite difference 
and finite elements methods [2]. Recently, the ME1 technique has 
been used to find the matrix coefficients of an approximate sparse 
matrix boundary element method, in which thc unknowns only 
appear on the scatterer boundary [3, 41. This new approach was 
called the integral equation formulation of the ME1 (IE-MEI). In 
this Letter we study the error in the surface current computation 
by the IE-ME1 technique and compare it with the error of the 
well-established method of iiioments (MOM). 

IE-MEI: For two-dimensional perfectly electrically conducting 
(PEC) scatterers, a linear relationship can be established between 
the tangential components of the electric and magnetic scattered 
fields, I? and H, at M neighbouring nodes in the boundary of the 
scatterer, of the form 

&y 
C (u~,,~E;+~,,,,H;) = R, = o n = 0, . . . j~v -- 1 

(1) 
7n=n - M--l 

where N is the total number of boundary nodes. This equalion is 
valid for both the transverse-magnetic (TM) and the transverse- 
electric (TE) cases, with dif‘erent a,,,,,, b,,,,, coefficients. 

In the IE-MEI, these coefficients are obtained by the ME1 pro- 
cedure [l,  3, 41. For convex scatterers, numerical experience has 
shown that the residual R, in eqn. 1 approaches zero with decreas- 
ing mesh size h. Eqn. 1 may be concisely expressed in matrix forni 
as 

[An7nl[E&l + [&ml[Hhl = [&I 0 (’4 
where [Anm] and [Br,J are cyclic M-diagonal matrices. Substitution 
of the PEC boundary conditions B = -E and 6 = P + H in eqn. 
2, where E and H denote the incident electric and magnetic fields, 
and neglecting the residual, results in 

where [ J ,; ] is an approximation to the induced current. From 
eqn. 3, we obtain 

-[A1L1ILI[E;l + [Bn1nI([JAl - [HhI) = 0 

[.7&] = [Hj,:I + [B,,,,] ~ [Anm][&] 

( 3 )  

(4) 

Theoretical error: The theoretical error in the induced current, in 
eqn. 4, resulting from neglecting the residual in eqn. 2, is readily 
shown to be 

where [.I,;] is the discretised exact current. The residual in eqn. 5 
may be expressed as [3, 41 

where the elements of the matrix [E,J are given as 

[AJ,“,] = [ J & ]  - [J&] = [B,m]-l[R,] (3 

[&I = [~nml[J; , l  ( 6 )  

?l+ M--l 

2 = 7 L  - 1M--l 
E,,,, = [ a n i G ~ . ~ ( Z r L ,  3%) + hn?GEilZ.i(iLL, & ) I  (7) 

Here, G,, and Gfi,w are the electric field Green’s functions for the 
electric and magnetic currents, respectively, and Tn7, $, are the 
vector positions of nodes m and i. It should be noted that eqn. 7 is 
analogous to the null field introduced in [5] for the original ME1 
VI. 
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We note from eyn. 5 that although the residual [Rn] converges 
to zero when the mesh spacing /I decreases, [A&] may not 
decrease if the norm of  [Bl,,7]-' increases at the same, or a higher. 
rate. This is illustrated for a circular cylinder in Fig. 1, which 
shows the behaviour of these variables against the discretisation 
step size / 7 4  where h is the wavelength. The average error in tlie 
induccd current has been computed as C,, 14: J : ,  IlN. Observe 
that the error in the MOM current decreases as hlh, while the error 
in the IE-ME1 current converges to a constant. In both methods 
the integral equations have been discretised by the delta function 
basis expansion and testing, except for the self-impedance terms, 
where pulse basis and small argument approximations of the 
Green's functions have been used. 

0 
10 

' ' I , . . "  ' I . ' ' I ' '  ' 1 
1 oG 1 6 '  lo-* lo3 

h Ih /860111 

Fig. I Average error in induced current fb r  a PEC circulur c.yliizder of 
unir radius c.wcirrd I i j  a TIM plaiir wuw, against norniuli.sed iiwsli size 

Also shown are the 2-norms or [R,,] and [B,,,,,] I 
-X- MOM error 
-0- IE-ME1 error 

~~ ~ 2-norm of [ X , J  
- - - -  2-norm of [B,,,,,] ' 

The 2-nom of the matrix [B,J and the nomi of the residual 
[R,J have also been plotted. The latter has been normalised by W 2  
to remove the dependence on the number of  nodes. Note that in 
this example, the noimalised residual norm decreases as (hih):, 
while the norm of [B)J'  increases as (hih) 2 ,  thus preventing the 
decrease of tlie induced current error (eqn. 5).  This behaviour is 
analogous to that observed in [6] for the original ME1 [5].  

I I 

0 90 180 270 360 
angular position in circular boundary,deg 186012 

Fig. 2 Maanitnike uj error in indnced c~irreizt f o r  PEC circular ryliizder 
of imit rrrilius excited by n T M  plune I ~ I I V P  

~~~ IE-ME1 with Iz = hi I O  
~~ . - MOM with h = h/ l0  
- - - -  MOM with li = hi40 

It i s  remarkable that although the IE-ME1 error converges to a 
constant as Izlh decreases, for Ii > hi60 it is smaller that the 
numerical error in the MOM. Furthennore, for the usual choice of 
11 = hi10 the IE-ME1 error is similar to the MOM error for h = h/ 
40. To illustrate, Fig. 2 compares the IE-ME1 error for /I  = U10 
with the MOM error for 11 = hi10 and h = hi40. 

In conclusion, we have shown that the theoretical error in the 
IE-ME1 current, which arises from neglecting the residual in eqn. 
2, does not vanish as the mesh size 11 goes to zero. This is in spite 

of the fact that for convex shaped scatterers, the residual decreases 
for decreasing 11. Nevertheless, our experience has shown that for 
typical discretisations, the IE-ME1 error is smaller that the error 
in the MOM. 

Aclci7oivlengi~ieiits.. This work has been partially supported by the 
Spanish 'Comision Interministerial de Ciencia y Tecnologia' 
(CICYT) under project TIC 95-0983. The 'Direccion General de 
Investigacion Cientifica y Ensefianza Superior' (DGICYES) has 
supported the sabbatical leave of J.M. Rius at the Ecole Polytech- 
nique Federale de Lausanne (EPFL), Switzerland, under grant 
PR95-331. 

0 IEE 1996 
Ek(Ytr(JiiiC~S Letreis Online, No: 1996 1450 
J.M. Rius, C.P. Carpintero and A. Cardama (De/Jeirtiizent uf TSC, 
Univcrsikit PolitPcnicu de Catciluni,u, Edifici D-3, Gran Cupitdn .y-i i ,  
08034 Borceloizo, S p u n )  
J.R. Mosig ( L E M A ,  ELB, E d >  Polytcchnique Fe~cl6iale d~ Lausanne 
(EPFL),  CH-IO15 I.uu.rmnc, Sii~itzwlancl) 

24 S q ~ t m z h e r  I996 

References 

, 7 ,  IIU. Y w.> and PROUTY, M.D.: 'The 
measured equation of invariance: a new concept in  field 
computations', IEEE T r a m  Antennas Propug, 1994, 42. ( 3 ) ,  pp. 
320-327 
STUPFEL. B , and MITTRA. R : 'A theoretical st~idy of numerical 
absorbing boundary conditions', IEEE Ti.an.s. Antenntr.s Propug., 
1995, 43, (5), pp. 478-487 

1 formulation of the measured equation of 
n. Lett., 1996. 32, (l), pp. 23-25 

RIUS.  J M , POUS. R and CARDAMA,  A : 'Integral formulation of the 
measured equation of invariance: a novel sparsematrix boundat-y 
element method', IEEE Trans. Magn., 1996, 32, ( 3 ) ,  pp. 962-967 
JEVTIC, J 0 ,  and  L E h ,  K : .A theoretical and numerical analysis of the 
measured equation of invariance', IEEE Trans. Antennas Propug., 
1994, 42, (S), pp. 1097 - 1  105 
JWTIC, J.O , and LEE, R : 'An analytical characterization of  the error 
in the measured equation of' invariance', IEEE Trans. Anterinns 
Propug., 1995, 43, (10). pp. 1109-1 115 

Thermionic field emission in pbarrier 
enhanced InP/lnGaAs/lnP HEMTs 

K.  Schimpf, M. Hors tmann ,  H .  Hardtdegeii ,  M. Marso 
a n d  P. KordoS 

Iiiclexini: tenns: The~rniionic emk~ ion ,  Higlz electron mobility 
transistors 

A model for thermionic field emission in /]-barrier enhanced InP 
HEMTs is presented indicating that a reduction in the gate 
leakage of those devices is related to an increase in effective 
barrier thickness. Good agreement between this model and our 
experimental data is obtained. 

Intr.oduc.tiorz: Owing to the successful development of high electron 
mobility transistors (HEMTs) in the last few years for mm-wave 
applications, much attention has been spent 011 the gate leakage 
mechanisms of these devices. Themiionic field emission is known 
to be the dominating process at room temperature for low drain 
bias 11, 21. 

To avoid aluminium related problems such as aging, oxidation 
or selective etching of the gate recess, efforts have been made to 
replace all AlInAs layers in conventional InP based HEMT struc- 
tures by InP. These devices exhibit excellent RF performance [3, 
41. Because of the low Schottky barrier height on unintentionally 
undoped InP (BB = 0.45eV) an additional p-doped InP layer is 
used to enhance the barrier [5].  

By a simple modification of  the thermionic field emission the- 
ory, we demonstrate that the reduction of gate leakage through y- 
barrier enhanced Schottky contacts is related to an increase in the 
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