
power can be calculated using the Friis transmission equation [4]. 
Fig. 3 shows the oscillation frequency, output power and DC-to- 
RF efficiency as a function of bias voltage Vd,. The DC-to-RF 
efficiency maximum of 24.1% was obtained at V, = 1.4V. At this 
bias point, 2.43mW output power was obtained at 14.50GHz with 
a tuning sensitivity of I20MHdV. The tuning range of the active 
antenna was 20OMHz. The maximum output power was 9.4mW 
at VdJ = 4.0V. 

Conclusions: A new active antenna structure has been presented. 
The active antenna consists of half wave dipole above the ground 
plane and a high electron mobility transistor (HEMT). The 
antenna structure is equivalent to a half wave microstrip dipole 
antenna with dielectric constants of unity. An output power of 
2.43mW with 24.1% efficiency was measured at 14.5GHz. The 
active antenna should have applications in millimetre-wave power 
combining using a high-Q resonator. 
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Optimal boresight error design of radomes 
of revolving symmetry 

F. Hsu, K.K. Chatl, P.R. Gang  and S.H. Chao 

Inde.ring terms: Radomes, 0ptimi.surion. Simulated annealinn 

An optimisation technique is applied to the design of three- 
dimensional radomes of revolving symmetry. A design example 
for an ogive radome is given. The hest possible thickness profile 
of the radome is found and the boresight error is reduced 
significantly. Both B-spline modelling and polynomial modelling 
for the thickness profile are considered. 

Introduction: In a previous paper [l] we presented a systematic 
optimisation approach toward radome design. The problem was 

formulated as a global optimisation procedure such that the bore- 
sight error (BSE) of the radome is minimised over the antenna's 
scan volume by properly adjusting the thickness of the radome 
layer over the radome surface. In [I] a two-dimensional example 
was given to show the effectiveness of the approach. In this Letter 
we consider the design of three-dimensional radomes of revolving 
symmetry excited by an antenna of uniform current distribution 
over a circular disk. Such a structure finds many practical applica- 
tions and is worth considering in more detail. 

Optimal design algorithm: The general procedure for the optimal 
radome design as presented in [l] comprises the following steps. 
First the thickness profile d as a function of the position on the 
radome surface is parameterised via the E-spline surface represen- 
tation. For radomes of revolving symmetry. the surface can be 
represented in terms of its generator. Accordingly, 

v 
d ( s )  = d,BZ(S) 

,= I  

where s denotes the parametric curve length of the generator 
which, for convenience. is normalised to 1. B,s are the spline basis 
functions and pis are the expansion coefficients which remain to 
be determined through the optimisation process. Next the maxi- 
mum of the BSE A is sought in the antenna's scan volume. The 
objective is then to search for the best possible ps, and thus the 
thickness profile d(s) ,  such that the maximal BSE in the antenna's 
scan volume is minimised, or formulated mathematically: 

The problem is then reduced to a standard form of global optimi- 
sation. The popular simulated annealing technique [2] is employed, 
which is a statistical search algorithm used in global optimisation 
problems. 

1 "  

-Lz. 

Fig. 1 Cross-sectional view of three-dimensional anrenna-radome system 

Radomes of revolving symmetry: Fig. 1 depicts a general radome of 
revolving symmetry and its cross-sectional view. The antenna is 
assumed to he a uniform current distribution over a circular disk 
of radius a. Owing to the symmetry of this configuration it can he 
shown that maximal BSE occurs in the principal planes for which 
the antenna is oriented in the forward direction. It therefore 
results in considerable saving in computation because only BSE 
scanned in these two planes needs to he calculated in the above 
minimax algorithm. 

(i) Design of oRiw radome: As a design example we consider the 
case of a three-dimensional ogive radome whose generating curve 
is a circular arc. The radome is made of a material with dielectric 
constant 4. For simplicity the dielectric loss is not included, 
because it has negligible effect on the BSE [I] for materials used in 
practice. The operating frequency is IOGHz. L, = 6h and L; = 
12h, where h is the free-space wavelength. The maximum scan 
angle of the antenna is assumed to be 45" about the ogive axis. 
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For the field evaluation, the local plane wave approximation is 
used, as we found that it yields sufficiently accurate results as 
compared to the more rigorous spectral integral approach [I]. The 
incident fields on the inner surface due to a point source current 
are calculated and employed to find the transmitted fields on the 
outer surface, with transmission coefficient corresponding to a pla- 
nar slab. The total transmitted field is then obtained by linear 
superposition. Once the transmitted fields on the outer surface are 
found, the radiation fields, and thus the BSE. can be derived by 
making use of the equivalence principle. 

0 I O  20 30 40  
gimbal angle, deg E 3  

Fig. 2 Boresight errors for  E-and H-plane ,scans 

U:uniform thickness: B: B-spline modelling: P Polynomial modelling 
0 E-plane 
A H-plane 

Fig. 2 shows the boresight errors against gimbal angles for E- 
plane and H-plane scans, respectively. In the case of uniform 
thickness, the BSE has a peak level of 0.33" at an antenna look 
direction of 30". After optimisation, it is reduced to 0.075" maxi- 
mum, a significant improvement as compared to the inherent 
numerical error of 0.03" when E = 1. The corresponding boresight 
error rates are also improved. While the boresight error rate can 
be equally chosen as the objective function to be optimised. we 
found no appreciable improvement over the above BSE design. 
The resulting optimal thickness profile function (TPF) is given in 
Fig. 3 .  

0.82, 1 

0 0-1 0 . 2  0 3 0-L 0.5 0 6 
curve length, rn m 

Fig. 3 Opfirnised thickness proflefuncrions 

~ B-spline modelling 
- - - -  polynomial modelling 

The optimisation design takes a large amount of computing 
because it involves many iterative calculations before reaching the 
desired performances. In our case, it takes about 12000 iterations 
lo reach the desired results. Some data reductions including the 
curve fitting were employed to save computing time which would 
otherwise become formidable. 

(ii) TPF modeNing by polynomiab: Fig. 3 shows that the optimally 
designed TPF using the 5-spline modelling exhibits several excur- 
sions over the surface, which makes it undesirable in the precision 
manufacturing of radomes. Choices other than E-spline modelling 
can be advantageous. Consider the polynomial modelling of the 
TPF. As a simple case let the generator of  the TPF be represented 
by a polynomial of degree 2 such that 

d(s) = do f a  + bs + r,? 

where d,, is the nominal thickness. U. b,  c, as well as the deviation 
of the thickness from the nominal value Ad = d ~ do, are allowed 
to vary in suitable ranges. The solution space is constructed by 
proper11 sampling the ranges of a, h, and c.  The results for the 
optimal BSE are shown in Fig. 2. With a peak value of 0.089", the 
BSE performance is only slightly degraded as compared to the 
case of 5-spline modelling. The polynomial modelling is simple to 
use, and is more efficient in computation, because only three coef- 
ficients are involved. The resulting TPF, as can be seen in Fig. 3, 
is much smoother as compared to the case of E-spine modelling. It 
varies nearly monotonically and can be machined easily during 
manufacturing. It should be noted ihat further improvements can 
be achieved if higher-order polynomial modelling is employed. 

Conclusion: The optimisation method developed previously is 
applied to the design of three-dimensional radomes or revolving 
symmetry, where the boresight error is minimised over the antenna 
scan volume as a result of adjusting the thickness over the radome 
layer. A design example of an ogive radome is given and the 
improvement in BSE is significant. Both 5-spline modelling and 
polynomial modelling for the thickness profile are considered in 
the example. It is found that polynomial modelling in such a case 
yields both a smooth optimal thickness profile and satisfactory 
t%SE performance. 
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Vertical ground rod (VGR) in 
inhomogeneous earth of sectoral type 

P.D. Ran&, S..? . DzokiC and Z.P. Stajid 

Indexing rerms: Inlegral equafions, An !enno h w r y  Earthing 

The current distribution, line leakage current density and 
grounding impedance of a vertical ground rod in inhomogeneous 
earth of sectoral type are presented. This is achieved by using a 
new system of integral equarions. 

Infroduction; In this Letter, the modified mathematical model of 
linear antennas [ I ,  21 in the power frequency domain. is applied to 
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