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Abstract 
 
 This paper reports our findings on the computational 
study of a multi-layer dielectric used in a parallel-plate 
Blumlein pulse-forming line. This technique is explored 
with an aim of lowering the electric field inside the line 
and thus reducing the probability of breakdown. Using 
stepped transition of conductivity, we explore what 
distributions and values of conductivity are beneficial for 
this goal yet without degrading the overall performance of 
the line. 
 
 

I.  INTRODUCTION 
 
 Recently, there has been an increased interest in 
reducing the dimensions of high pulsed-power microwave 
systems to make them small and portable. There are many 
applications where such systems can be used in the near 
future [1-5]. 
 One of the critical factors for the success of (compact) 
design is the electrical breakdown strength (BDS) of the 
dielectric used in the pulse-forming line (PFL). The nature 
of the breakdown mechanism has been the focus of many 
research studies for many years [6]. Yet, electrical 
breakdown still remains  a topic of current research [7-8].  
 In this paper we propose designs that can lower the 
electric field magnitude inside the PFL, thus reducing the 
probability of breakdown. This is done by making use of a 
graded-conductivity dielectric. In particular, instead of 
using a single slab between the electrode plates, multiple 
layers of different conductivities are stacked up. We note 
that these results and discussions are solely based on 
computer simulations and have not yet been verified 
experimentally. 
 In this paper, we will analyze two models of graded 
dielectric: a 15-layer, and a 5-layer case. We comment on 
the situation in both the electrostatics regime (when the 
Blumlein line is fully charged, just before the pulse is 
initiated), and in the transient regime (while the pulse 
exists on the load). In addition, an alternative approach 

that employs conductive sheets interleaved with dielectric 
slabs is briefly discussed. 
 
 

II.  ANALYSES 
 
 The analyses are performed using the CST Microwave 
Studio [9] software, on a scaled down version of a 
straight, parallel-plate Blumlein line with the following 
parameters: the width w = 1 cm, the length L = 3 cm, the 
permittivity of the dielectric εr = 30, the thickness of the 
dielectric slab  d = 0.762 cm. The size is chosen to reduce 
the amount of computation time required for a full scale 
model. The choice of fifteen and five layers with this 
separation of electrodes provides good paradigms and 
“rounded” numbers for the thickness of each layer, which 
enables accurate modeling. 
 The conductivity function is derived on the following 
principle: minimum and maximum conductivity values 
are set at first and, depending on the actual number of 
layers used in the design, the remaining values of 
conductivity are then derived such that equal increments 
(steps) between the minimum and maximum value are 
obtained. The electric field (E-field, for short) inside the 
layers is recorded such that a probe is inserted in the 
vertical center of each layer at the edge of the line, where 
the maximum fields are reported to occur [10-12]. 
 
A. Fifteen-layer Model 
 This design comprises 15 equally thick layers of the 
layer thickness dl = d/15. The conductivity (σ) values 
change in steps from a layer to a layer, as it will be shown 
below. We tested a variety of conductivity distributions 
(further called “σ-distributions”) across the layers, but 
within the scope of this paper, we present only a few of 
the most relevant ones. As for the electrode names used 
here: the “hot” electrode is the mid electrode connected to 
a high-voltage (HV) source; the “grounded” electrode is  
electrically grounded and linked to the “hot” electrode by 
a switch between them; the “floating” electrode is neither 
connected to the HV source, nor grounded. 



 We begin with two σ-distributions of the opposite 
nature, named for this purpose A, and B. (The names used 
for these distributions are not so self-explanatory. They 
were internally used over the course of this work, but we 
retain them in this paper for consistency reasons.) In the 
distribution A, σ is distributed such that the layers next to 
the electrodes are assigned σ1 = σmax value, while the 
layer in the center is assigned σ8 = σmin. Thus, the σ-
distribution is symmetrical around the central layer. In 
this case, σmax = 10-2 S/m, and σmin = 10-10 S/m. For 1 V-
voltage between the electrodes, the field values for each 
layer of the lower line are plotted in Fig. 1 with respect to 
the homogeneous case (of a single, lossless slab). (The 
results for the upper line are omitted as they are always 
lower or equal to those in the lower line.) The field of the 
distribution A is lower than that of the homogeneous 
distribution everywhere except in the layers next to the 
electrodes, where it sharply rises, which is undesirable 
since the field enhancement is the highest by the hot 
electrode anyway. 
 

 
 

Figure 1. Electric field in the lower line captured in the 
transient regime. 
 
 
 For case B (σ1 = σmin, σ8 = σmax), the field in the 
transient regime is moderately lower than in the 
homogeneous case everywhere except in the central layer 
where it has a spike. 
 However, since breakdown can occur in the 
electrostatic regime just as in the transient regime, we 
now turn to the situation in the electrostatic regime for 
these three distributions, which is shown in Fig. 2. We see 
that all three curves are bundled around the same values, 
except for a few points – near the electrodes, and in the 
center. That was also the case for the other distributions 
tested (not shown here) and we can generally state that the 
distribution of the field in the electrostatic regime is quite 
insensitive to changes in σ-distribution. Attempts to 
optimize the field values based on the electrostatic regime 
resulted just in minor differences, which is why in the rest 
of the discussion we will focus on the improvements in 
the transient regime.  

 

 
 
Figure 2. Electric field produced by three models in the 
lower line in electrostatics mode. 
 
 
 These were possible by adjusting the form of the σ-
distribution function, and σmax and σmin values. Figure 3 
shows most significant of these attempts. The first attempt 
of optimization of the design, opt1, is based on good 
properties of models A and B. It keeps the same σmax and 
σmin, but applies a form of σ-function in which σ for the 
inner layers (3 - 13) is based on model A, while σ for the 
outer layers (1, 2, 14, 15) is based on model B. This 
brought a notable improvement over the earlier cases 
since the field is lower than in the homogeneous case for 
the most layers, and the field values in the outermost 
layers are also considerably lower comparing to the 
values before. 
  

 
Figure 3. E-field in the transient regime after adjustment 
of conductivity distribution, and values. 
 
 
 The next improvement is obtained by finding better 
values of σmax and σmin, while retaining the same σ-
distribution as in opt1. Better results are achieved if σmin 
and σmax both have lower values than before, while it is 
even more important σmin to be low enough (e.g. σmin < 
10-14 S/m). The result of this is presented by opt1b curve. 
The curve equals opt1 in the inner layers, but scores better 



in the layers near the electrodes. Another try, named 
opt3c2, was done by additional lowering of σmax for six 
orders of magnitude, plus using σ6 instead of σ8 in the 
layer next to the electrode. That results in drastic lowering 
of the E-field in the vicinity of the electrodes, at the cost 
of the field in the bulk not being any lower than in the 
homogeneous case, except for two large dips in the inner 
layers. The good thing about the dips is that the field is 
lowered, but it is not good to have such large gradients in 
the electric field. To fill in those two dips, σmax is  
increased for a few orders of magnitude, while the 
outermost layer was again assigned to be σ8 (very similar 
result is obtained if σ6 is used). That managed to flatten 
out the previous curve, at the cost that the field near the 
electrodes is now somewhat higher.  
 

 
 
Figure 4. Four optimized forms of graded conductivity. 
 
 
This last model, opt41, has the best overall characteristics: 
E-field lowered in all the layers, even more importantly in 
the layers near the electrodes, plus there are no sharp 
variations in the E-field magnitude. With such properties, 
opt41 lowered the E-field values for  10 – 20 % with 
respect to the values in the homogeneous model. To 
summarize,  Fig. 4 shows σ-distributions and σ-values 
used for the above four optimized models. 
 In addition to these results,  we can still assume that 
further improvements may be possible by “fine tuning” of 
either of σmax and σmin values or σ-distribution function. 
  
B. Five-layer Model 
 The fifteen-layer design may appear cumbersome for a 
practical assembly. Hence, we chose to emulate the 
performance of a five-layer model. That evidently reduces 
the complexity of the assembly, yet still enables some 
variations of σ-distribution, but with fewer degrees of 
freedom and a coarser gradation of conductivity. With 
this, we applied the experience accumulated with the 15-
layer model in terms of σ-distribution and values, but we 

still repeated the A and B distributions for the sake of 
direct comparison of performance. Figure 5 shows the 
results obtained using the same principles as in the 15-
layer model. While A and B cases show the same behavior 
with respect to the homogenous case, opt1b and opt41 
were not able to lower the field as they did in the 15-layer 
case! The field values are concentrated around the values 
obtained by the homogenous dielectric. 
 

 
Figure 5. Electric field in the lower line in the transient 
regime. 
 
 
 Because of this, we tested some new combinations of 
σmax and σmin values, which resulted in no improvement in 
the E-field values. In addition, instead of a directly 
calculated σ3 to be assigned to the layer next to the 
electrode, we adjusted that value to be between σ2 and σ3, 
to make a smaller step in σ-transition, and we named this 
model opt42. Figure 6 shows that there still no remarkable 
change occurred. 
 

 
Figure 6. No improvement in 5-layer model using the 
same optimization technique as in 15-layer model. 
 
 
Clearly, the 5-layer model is very immune to change in E-
field values based on changes in σ-values and σ-
distribution function. Apparently, that is the price paid by 
a reduced complexity of the model. 
 
 
 



C. Interleaving Metallic Sheets 
 Since manipulations of σ did not produce the desired 
outcome in the case of 5-layer model, an additional 
technique was tried. We inserted thin copper sheets 
between the dielectric slabs of the opt42 model by 
impressing them into one of every two adjacent slabs. In 
the two tests shown, we used copper sheets of 100 µm and 
10 µm in the models named opt42_cond1 and 
opt42_cond2, respectively. In both cases, the pulse on the 
load preserved its original shape, yet the E-field inside the 
line dropped remarkably, as shown in Fig. 7.  
 

 
Figure 7. Lowered E-field by interleaving metallic sheets 
between the dielectric slabs. 
 
 
Interleaving metallic sheets reduces the field created 
inside the line, and makes the slabs thinner than before, 
which increases the BDS, since BDS is higher for a 
thinner slab [4],[7],[13]. This effect is stronger with 100 
µm-sheets, which is why its field is lower than with 10-
µm sheets. It is harder to explain, though, why the values 
in layers 1, and 5 exhibit different behavior than the 
points in the inner layers. 
 Interleaving thin metallic sheets with dielectric slabs 
indicates improvement of the results of the 5-layer 
structure. On the other hand, this made the realization of 
the 5-layer model  more complex than before. 
  
 

III.  SUMMARY 
 
 We have reported on our findings in exploring  
reduction of electric fields in a parallel-plate Blumlein 
PFL by making use of a multi-layer dielectric with graded 
conductivity across the layers. We compared two models 
with different number of layers to explore their 
effectiveness. An additional technique of interleaving 
metallic sheets was also discussed. The results indicate it 
is possible to appreciably reduce E-field in the line by use 
of these approaches. 
 Even though all the results presented were checked for 
numerical consistency between the computation and 
(known part of) the theory, as well as among various 

computational models themselves, it is sought to verify 
them by experiment. 
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