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ABSTRACT 

For the applications of compact pulsed-power systems, we propose a model for optimizing the 

pulse-forming line (PFL) with respect to the optimum pulse generation. There are multiple 

parameters that play important and conflicting roles in the design of a  PFL. The original notion  

that a pulse, of a desired duration, can be created and the length of the line shortened by using a 

dielectric with sufficiently high permittivity, is shown here to be overly simplified, and that it 

can lead to a deformed pulse instead. In this work, new criteria for successful pulse formation are 

proposed and their validity demonstrated. 

 

I. INTRODUCTION 

High-power microwave (HPM) technology has found its use in both military and commercial 

applications [1], such as radar-, broadcasting, and communication systems, but it has been 

characterized by large-scale dimensions of its components. Its future use is anticipated in 

materials processing, environment protection, law enforcement, and combat operations [2-10]. 

Obviously, traditionally large dimensions of HPM systems are not suitable for some of these 

applications. Recent technological advances have directed further research towards reduction in 



dimensions of HPM components to a portable scale. 

The PFL is a component of an HPM system that is used for generating high power. For our 

work, we have chosen to use a parallel-plate Blumlein line (PPBL) [4, 11, 12] to serve as the 

PFL, for its ability to deliver the output pulse of the voltage magnitude equal to the one to which 

the line was initially charged before the pulse-forming process. For this ability, the Blumlein line 

(BL) stands out compared to some other configurations that may be chosen.  

 

 

Fig. 1   A basic form of a parallel-plate Blumlein-configuration pulse-forming line. 

 

The basic form of the PPBL is shown in Fig. 1. A Blumlein line [4, 11, 12] is consisted of two 

transmission lines (TLs), and a load between them. Typically, the lines are equal in terms of their 

lengths and characteristic impedances (which are determined by the width of the plates (blue-

colored), the height of the dielectric material (pink-colored), and the permittivity of the 

dielectric). The impedance of the load is designed to be twice the value of the characteristic 

impedance of the single line. The upper conductor plate (in this drawing) is constantly connected 

to a high-voltage source (here denoted by HV). The bottom plate of the line next to the voltage 

source is grounded, whereas the bottom plate of the other line is “floating.” A switch that will 

trigger the pulse-forming process is placed between the charged plate and the grounded plate of 

the line next to the source. 

The mechanism of pulse generation by PPBL is now described [12]. Before the pulse-

forming process (PFP) begins, both lines (as in Fig. 1) first get precharged, through the upper 



conductor, to a desired voltage value (Fig. 2(a)). At some instant, the switch closes towards the 

grounded conductor plate, producing a negative voltage step that starts propagating along the 

line, annihilating the initial voltage (Fig. 2(b)). When that propagating effect reaches the load, a 

portion of the impinging wave reflects from the load, while another portion passes through the 

load propagating towards the end of the second TL. This is the period when the pulse is created 

across the load (Fig. 2(c)). The waves propagating towards the end of each line face a short-

circuited end on the side of the switch and an “open” end on the other side. The reflected and 

transmitted parts of the original wave hit the short- and the open- end at the same time (Fig. 2(d)) 

and reflect such that the waves of equal magnitudes but opposite polarities are now traveling 

back towards the load (Fig. 2(e)). When they hit the load again, they cancel each other and the 

voltage across the load (Fig. 2(f)), thus ending the PFP with a pulse that lasted double the transit 

time along a single TL. 

However, this basic configuration of BL in Fig. 1 does not exactly correspond to our goals of 

compactness and portability of an HPM system. Over time, the components for energy storage 

have been made smaller, but the PFL has not undergone adequate miniaturization and still 

occupies a large volume of an HPM system. That is why the basic form of the BL had to be 

reconfigured into a more compact form. Figure 3 shows a compact form of a PPBL, where L is 

the length of the BL, w is the width, d is the thickness of the dielectric, and t is the thickness of 

the conductor plates. 
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Fig. 2   The PFP by a BL: (a) both TLs are fully charged; (b) negative voltage step transits from 

the switch towards the load; (c) the pulse is created and the wave reflected and transmitted; (d) 

the reflected and transmitted waves reach the short- and open- end; (e) the second transit along 

the lines annihilates the remaining voltage on each line; (f) the pulse ends after two transit times 

along the lines. 



 

 

 

Fig. 3   Dimensions of a compact parallel-plate Blumlein line. 

 

There are two equations that  are important in the BL design in this context. The first is:    

Zc 
o d
r w

      (1) 

where Zc is the characteristic impedance of one of the transmission lines constituting the BL, r is 

relative permittivity of the dielectric, and o=120 [] is the free-space impedance. The second 

equation is the duration of the pulse, , formed by the line [12],  i.e.,   

 
2L r

c
      (2) 

where c is the velocity of light. A typical design of the PFL has Zc and  as input parameters, i.e. 

for the desired impedance of the load ZL (where Zc = ZL /2), one wants to design the PFL to 

deliver a pulse of a desired duration. 

The difficulty of the design, in the context of a compact and portable HPM, is that for the 

desired, possibly long , the PPBL could be prohibitively long. In that regard, the early premise 



[13-16], based on eq. (2), was that the BL can be arbitrarily shortened if a dielectric with 

sufficiently high r is used. In this paper, we show that eq. (2) is not always applicable and we 

propose a new approach that leads to the optimum design. Moreover, we will discuss how much 

a BL can be compacted and still produce a well-shaped pulse. All of our electromagnetic 

analyses were done using CST Microwave Studio software [17]. 

 

 

II. ANALYSIS 

A. Pulse Degradation 

According to eq. (2), we can keep  constant by shortening L and increasing r. For example, if 

the initial values of (L, r) produce a pulse of duration , then (L/2, 4r) and (L/4, 16r) should 

produce a pulse of the same , as summarized in Table I. Assuming we even have a dielectric 

with a sufficiently high r readily available, how far can such a tradeoff-process continue in 

terms of L and its relation to w? To verify the premises from Table I, we ran simulations with 

these settings and the result is shown in Fig. 4. Even though each pulse was designed for the 

same duration and one would expect differences between them to be fairly small, we attained 

three quite different pulses: one nicely shaped pulse (the red curve, #1), one somewhat degraded 

(the green curve, #2), and one very deformed (#3). 

 
TABLE I 

EXAMPLE OF TRADEOFFS FOR UNCHANGED PULSE DURATION 

Line length Dielectric 
permittivity 

Line 
width 

Pulse 
Duration 

Line 
Impedance 

L r W  Zc 
L/2 4 r W  Zc/2 
L/4 16 r W  Zc/4 



 

 

 

Fig. 4   Three pulse forms, each supposed to have an equal pulse duration. 

 

The deviation is characterized by the increased rise/fall time (smaller steepness of the edges), the 

excessive duration of the pulse (based on the full-width-half-magnitude measure (FWHM)), and 

by an additional oscillation at the end of the pulse when it is supposed to decay to zero. In 

addition, the ill-shaped pulses do not even reach the full magnitude before they start decaying 

(best seen for the blue curve here). In these calculations, three parameters were changing their 

values: L, r, and Zc. In the next step, we should identify which of them cause the degradation of 

the pulse form. For that, we prepared three new test cases, keeping Zc and r constant, with their 

worst-case values (the blue curve) from Fig. 4. The result in Fig. 5 shows that it is still possible 



to obtain a good pulse in spite of low Zc and high r. (In this figure, the red curve (#1) is the one 

that was blue in Fig. 4). So, the deformation is neither due to Zc nor due to r.  

 

 

Fig. 5   Testing which parameter is related to pulse degradation. 

 

However, it can be noticed that the good pulse is related to the longest L in each figure, which 

suggests a successful pulse formation is related to some minimal necessary L. Furthermore, Fig. 

6 indicates that it is not just about some minimal L that is necessary in a particular design, but 

rather its ratio with respect to w. There are five cases analyzed. Three of them (cases 1, 4, and 5) 

produce well-shaped pulses with three different combinations of L and w, but the ratio L/w is 

equal in each case. Hence, instead of focusing on L itself, we have a reason to treat the ratio L/w 

instead. 



 

 

Fig. 6  Indication that L/w matters for pulse form, rather than just L itself. 

 

In our context of HPM and pulsed-power microwaves (which are not necessarily HPM), these 

parameters can have a fairly wide range of values. For example, r can go from 1 to 400 or even 

1500, Zc can go from 1  to 30 , and  can go from 1 ns to 100 ns. Such wide ranges form a 

large space of possible design solutions. From Figs. 4-6, obviously not all of the solutions are 

plausible. It is our aim now to define a model that will enable us to know in advance whether a 

specific set of design parameters will produce a well-shaped pulse. 

 

 



B. Proposed Optimization Model 

We will now utilize eqs. (1) and (2) to derive our optimized model. As r is a common parameter 

to both equations, it is used as a linking element. Expressing r from eq. (1), substituting into eq. 

(2) and moving L on the left hand side gives 

 

L 
c

2o


d

Zc w     (3) 

 

This leaves us with one equation with four variables, which is a multidimensional space that is 

impractical to graph. At this point, we make use of the analysis from Fig. 6 and move w on the 

left hand side, creating, in conjunction with L, a new parameterlength-to-width-ratio, L/win 

the rest of the text abbreviated by LWR. Next, taking d (only) as a parameter in the equation, we 

reduce the initial form (3) into a more practical one, of the form 

 

LWR 
c

2o

 Zc d     (4) 

 

As the first factor is a constant, LWR is conveniently expressed as a function of (Zc, ), which are 

the two most relevant parameters, and there is no (direct) dependence on r. However, it will be 

shown that r matters. With this definition, within any range of  and Zc, and for some fixed d, all 

solutions to LWR lie on the surface shown in Fig. 7. For example, a cursor placed on the surface 

quickly shows that for (Zc, ) = (5, 10), LWR would be 3.13.  

We have already indicated that there exists some minimal LWR (yet to be defined 

quantitatively) that is necessary to produce a well-shaped pulse. Indeed, a large number of 



simulations have distinguished two characteristic types of the pulse forms: deformation of the 

pulse for low LWR, and oscillation, containing an overshoot in the pulse, for high LWR.  

 

 

Fig. 7   Surface of all solutions to LWR, for some range of Zc and . 

 

Together with the case already shown in Fig. 5, these cases are summarized in Fig. 8. Figure 4 

was based on equal  and varied Zc. Figure 8(a) is the result of the equal Zc but varied L and it 

clearly shows that there is some LWR that separates good pulse forms from bad pulse forms. 

Ultimately, Fig. 8(b) is an example of how the pulse looks like for high LWR, which is in accord 

with the discussion by Benford and Swegle [18]. 

 



 
(a) 

 
(b) 

 

Fig. 8   Characteristic forms of deviated pulses due to an improper LWR: a) low LWR with equal 

Zc, and unequal L settings; (b) high LWR. 

 

Thus, two thresholds can be defined with respect to successful pulse creation. Figure 9 

illustrates how these thresholds (green, and blue plane) bound the original surface of LWR 

solutions to a zone of plausible solutions and two zones of implausible ones. LWR between these 

thresholds will generate a well-shaped pulse, whereas the solutions above the high threshold 

(green) will produce a pulse with oscillations, and the solutions below the low threshold (blue) 



will produce a deformed pulse. However, these thresholds do not have fixed values. Instead, their 

values depend on w, and r (this is where r kicks in even though it is not explicitly involved in 

(4)). 

 

 

Fig. 9   Two thresholds limiting the surface of LWR solutions. 

 

The diagram in Fig. 10 was derived from a number of simulations and contains quantitative 

criteria on LWR that separate the area of a well-shaped pulse (in Fig. 10 referred to as safe) from 

the areas of a corrupted pulse. The specified boundary values of LWR in the diagram should not 

be taken rigidly as it is relatively a subjective estimate whether a pulse is classified as well-

shaped or ill-shaped. Nonetheless, the values in the diagram are very good guiding criteria for a 

successful design and their validity will be demonstrated in the following section. We used two 

values of r (3.5, and 57), two values of w (4 cm, and 8 cm), and swept LWR from 0.5 to above 



20. In this context, the value of r = 3.5 is regarded as “low,” whereas r = 57 as “high.” w = 4 

cm is regarded as “narrow,” whereas w = 8 cm is a representative of “wide” plates. For the low 

threshold, the diagram reads the following: if r and w are low, a less rigorous criterion allows 

LWR to be as low as 1.5 for a well-shaped pulse to be created. A more rigorous criterion suggests 

LWR to be between 2 and 3, especially if w is wide. If r is high, it should be at least LWR = 3 

for a well-shaped pulse. For the high threshold: if w is wide, r is practically irrelevant, and the 

design is safe as long as LWR < 20. If w is narrow, the threshold value will depend on r such 

that if r is low, LWR ≤ 8 by a more rigorous criterion, or LWR ≤ 10 by a less rigorous criterion. 

If r is high, it is recommended LWR ≤ 6.  

 

 

 

Fig. 10   Diagram of recommendations on LWR values. 

 

Overall, w has a stronger impact on the value of the thresholds than r. By color coding in the 

diagram, the white area is “safe” for the design of a well-shaped pulse, while the gray, green, and 

blue are graded such that the darker tone indicates a greater deviation from the well-shaped 



pulse. That, as well, suggests that these threshold values are not so rigid since the pulse 

deteriorates gradually as LWR gets farther away from the threshold values. 

 

C. Example: Improvement of the Pulse Shape, and Duration 

To demonstrate the validity of the LWR norms established here, and their effectiveness in regard 

to pulse tailoring, we now apply it to an example of a PPBL intended for some biomedical 

applications [19-22].  

 

  

    (a)     (b) 

Fig. 11   A well-shaped pulse created by a PPBL due to a proper LWR: a) the pulse form; b) the 

parameters values. Originally published in [22]. 

 

In [22], the PPBL was initially designed to create a 5-ns pulse, which was successfully done, 

as shown in Fig. 11. Evidently, the pulse has a regular shape and it is in agreement with the 

theoretical prediction. In this case, it is relevant to notice that LWR = 4.75. Next, the authors in 

[22] wanted to create a 1-ns pulse. To do that, they adequately shortened the BL length, 



according to eq. (2). The pulse form and the actual parameter values are shown in Fig. 12. The 

pulse rise/fall times are now 50% greater than predicted. There is a disparity between the 

simulated waveform and the ideal transmission line model. Now, not only did the rise/fall time 

(i.e. the responsiveness of the pulse), and the overall duration deteriorate, but also the shape of 

the pulse and its magnitude. The magnitude does not reach its maximum possible value, and 

there is an additional immediate oscillation after the pulse decayed to a zero value. We can state 

that this deterioration is due to low LWR (notice its value in Fig. 12(b)). LWR = 0.95 is 

prohibitively low, especially since they used a high-r dielectric. From Fig. 10, we read that with 

their parameters, LWR for a good pulse should be 3 or higher. 

 

  

    (a)      (b) 

Fig. 12   An ill-shaped pulse created by a PPBL due to an improper LWR: a) the pulse form; b) 

the parameters values. Originally published in [22]. 

 

To improve the pulse quality, we need to increase the LWR. As Zc is set by the given value of 

ZL and r, probably required by the nature of the application, their values must not be changed. 



Thus, two remaining parameters that we have available for a tradeoff are d, and w. Apparently, 

LWR can only be increased by increasing L or decreasing w. To keep the pulse short as it is 

desired, L may not be increased. So, LWR is increased by decreasing w. But, by decreasing w, we 

also increase Zc (see eq. (1)), which is not acceptable. To compensate for that, we have to 

decrease d to return Zc to its original value. Utilizing this tradeoff, LWR is now increased to LWR 

= 1.75 and the pulse is shown by the green curve (#2) in Fig. 13(a), while the red curve (#1) is 

the original pulse from [22] that we reconstructed by our computer model. The noticeable effects 

are: shorter rise/fall time, shorter pulse duration, which from 1.55 ns now dropped to 1.35 ns, and 

the pulse did reach its maximum value. 

 

 

   (a)      (b) 

Fig. 13   Improvement of pulse quality by increasing LWR: the red curve shows the corrupted 

pulse from [22] (shown in Fig. 12), the green curve is our first improvement by increasing LWR, 

and the blue curve is our additional improvement by further increase of LWR. 

 

The pulse can be additionally improved by a further increase of LWR value using the same 

approach. Now we increased LWR from 1.75 to LWR = 2.6 and the pulse is shown by the blue 



curve (#3) in Fig. 13(a), while the specifications of the corrupted pulse and these two 

improvements are displayed altogether in Fig. 13(b). We see that the rise/fall time, and the 

duration of the pulse (now 1.3 ns) are additionally improved comparing to the first adjustment, 

but the change is not as significant as the first time. Nevertheless, thanks to higher LWR, we 

improved  for about 25% (from 1.55 ns to 1.3 ns) without having to change r and/or Zc. 

Naturally, any tradeoff and consequent improvements depend on the priorities of the specific 

design and the degrees of freedom to do a tradeoff (e.g. Zc may be set to be slightly different 

from its ideal value, just enough to contribute to better LWR value; perhaps different r can be 

utilized). In this case, further improvement by increasing LWR is hard to do without changing r 

and L to obtain L > 3, since w can hardly be smaller that it is now. 

 

 

Fig. 14   A multi-switch excitation can help if LWR cannot be increased any further. 

 



Another possibility to shorten the pulse is to use multi-switch excitation [4, 12, 23]. If we 

excite the line with the settings for LWR = 1.75 by a 3-switch excitation, we obtain a better pulse 

( = 1.25 ns) than the one obtained with LWR = 2.6, as illustrated in Fig. 14 (the blue curve, #3). 

The use of a 5-switch excitation was also tried, but it did not make the pulse any shorter, which 

is in accord with Refs. [12, 23]. That shows how the benefits of multi-switch excitations saturate 

rather quickly. Furthermore, a 3-switch excitation was also implemented with LWR = 2.6  for the 

above design, but it produced the same  as with LWR = 1.75 case since the difference in plate 

widths in these two cases is very small (w = 1.09 cm in LWR = 1.75 case, while w = 0.73 cm in 

LWR = 2.6 case). 

Finally, once we succeed in tailoring the pulse to our preference using the aforementioned 

tradeoff approaches, caution must be taken with respect to other parameters that may have been 

affected by these tradeoffs. For example, when we decrease  d in order to return Zc to its original 

value, we simultaneously increase the electric field between the plates (assuming the applied 

voltage remained the same). With such an increased electric field, we must reevaluate whether 

the dielectric can still tolerate it or not. 

 

D. Discussion 

So far, we were discussing what occurs when LWR is bad, but what is the physical reason that is 

represented by our use of LWR? There have been studies [24-27] on the finite-length (i.e. end-

effects) of transmission lines, but they do not pertain to the Blumlein line as a PFL. As a possible 

reason for the pulse deviation, one could think of the effect of the higher-order modes. The cutoff 

frequency of higher-order modes in TL depends on d [28] and not on w or L. In Figs. 4 and/or 5, 

d is constant, which results in the same number of higher-order modes in all cases presented 



there. Since we see that the pulses can be well-shaped and ill-shaped, the pulse deviation cannot 

be explained merely by the presence of higher-order modes. The reason lies in the fact that the 

wave originates from a point source (which is the switch here) and undergoes a transformation 

from a spherical- into a planar- form as it propagates along the line [29, 12]. In this complex 

motion, the wave reflects from the edges of the PPBL towards the bulk and back. If the wave 

straightens up sufficiently earlier than it reaches the end of the PPBL, the pulse will be better 

shaped. If the PPBL is relatively too short (i.e. low LWR, regardless of the particular w), the 

spherical segment of the wavefront occupies a larger part of the PPBL length and by the time the 

wave reaches the edge of the line, the central part of the spherical wave-front will be far ahead 

towards the load. The phase/time difference between the points at the edge and in the center is 

significant, corrupting the coherence of the wave and adversely affecting the pulse form. 

Equation (4) and Fig. 10 provide quantitative norms that are to be satisfied for generation of a 

well-shaped pulse by a PPBL. This finding is especially relevant in the context of minimizing of 

the BL length using high-r dielectric. 

 

 

III. CONCLUSIONS 

We proposed a model and defined criteria for the successful optimization of a PPBL in terms of 

the generated pulse shape and duration. It was shown that the pulse can be deviated even if the 

standard equations pertinent to the BL were satisfied. Moreover, we discussed that a previously 

used premise, that the BL can be adequately shortened (and still produce a well-shaped pulse) by 

a tradeoff between the line length and the relative permittivity of the dielectric, is not valid in 

general. Since there is a large range of possible solutions, we reduced the realm to a region of 



plausible solutions positioned between the two thresholds of the PPBL length-to-width ratio, 

which we defined as a function of the two most important input parameterscharacteristic 

impedance, and pulse duration. Finally, we proposed a diagram with norms that LWR has to 

satisfy depending on the values of r and w, besides the values of Zc, , and d. 
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