woO 20107104811 A1 I 0KV OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization- /25 | ]| HIIHIND D0 0000100 0O O 0
A 5 (10) International Publication Number
(43) International Publication Date Vs

16 September 2010 (16.09.2010) WO 2010/104811 A1
(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
HOIH 31/34 (2006.01) kind of national protection available). AE, AG, AL, AM,
(21) International Application Number: ég’ éﬁ’ ég’ CAI\ZI, CBS > CBRB’ CBI(J}, g;l’ DB]IE{ ? DB%V ’];313[{ ? ]];é’
PCT/US2010/026590 DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT.,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
9 March 2010 (09.03.2010) KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
. . ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(25) Filing Language: English NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
(26) Publication Language: English SE, 8G, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,

TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data:

12/404,101 13 March 2009 (13.03.2009) ys (84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,

(71) Applicant (for all designated States except US): BAE GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
SYSTEMS INFORMATION AND ELECTRONIC ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
SYSTEMS INTEGRATION INC. [US/US]; PO Box TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,

868, NHQ1-719, Nashua, NH 03061-0868 (US). ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,
(75) Inventor/Applicant (for US only): LONDON, Simon, Y. ﬁi) I\?I‘QPII\I?FS’I\?J%]SF%S)G’ CL CM, GA, GN, GQ, GW,
[US/US]; 2016 Dundee Road, Rockville, MD 20850 > 2R 2 ’
(US). Published:
(74) Agent: LONG, Daniel, J.; Bae Systems Information, And —  with international search report (Art. 21(3))

Electronic Systems Integration Inc., PO Box 868,
NHQ1-719, Nashua, NH 03061-0868 (US).

(72) Inventor; and

(54) Title: BIPOLAR PULSE GENERATORS WITH VOLTAGE MULTIPLICATION AND PULSE SEPARATION

10
11\ ‘12 )g {13 /14 7 )15 (16
U+ ~ A N
Z: 6 Vo Zitt 22 Z; {t+t1)
Fig. 6a

(57) Abstract: A bipolar pvlse generator includes two, two-conductor transmission lines coupled together with a load positioned
between the two transmission lines. Two segments of one transmission tine are charged and switchably coupled to two segments
of the other transmission line to produce a bipolar pulse on the matched load. The generator may include two transmission line
structures coupled together with a load positioned between each transmission line structures. The first transmission line structure
may include a stepped transmission line and an embedded transmission line segment. A switch is coupled between the embedded
transmission fine segment and another segment of the transmission line structure. During operation, the first transmission line
structure is charged to a potential with the switch in the open position and, when the switch is closed, the charge on the first trans -
mission line structure together with the second transmission tine structure generates a bipolar pulse on the matched load.
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BIPOLAR PULSE GENERATORS WITH VOLTAGE MULTIPLICATION

AND PULSE SEPARATION

BACKGROUND

[0001] The invention relates generally to bipolar pulse generators. More
specifically, the invention relates to bipolar pulse generators that incorporate voltage
multiplication {transformation) circuitry and time separation between positive and
negative sub-puises.

[0002] Recent development trends in pulse powsr microwave sources for a
variety of a:ppiicaﬁcms have been directed to increasing power and efficiency as well
as energy density (energy per volume}, Transmission line type pulse generators
with different kinds of fast switches, including light activated photocenductive
switches, can achieve some of the best results. In particular, such transmission line
type pulse generators are compact and provide a very fast pulse rise time and a very
high power.

[0003] For a given limited charging voltage of transmission lines defined by
high-current switches, high powered and high energy density transmission lines imply
low characteristic impedances. The low range of characteristic impedances
frequently causes problems for coupling with typically load impedances, for example
50 Ohm or higher, or radiating impedances, which introduces a problem with high
ratio impedance transformation.

[0004] There are many different applications of bipolar pulse generators, for
example, in industry, physics and medicine. Very often bipolar pulse generators with
time separation between positive and negative sub-pulses are preferable or required.
Bipolar pulse generators capable of separation between positive and negative sub-
pulses are certainly known. Examples of such pulse generators are disclosed in
“Design of Bipolar Pulse Generator for Ferroelectric Electron Emission Extraction”,

Feng Chen etal., Pulsed Power IEE Symposium, 2000, US Patent 6,214,297 issued
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ta Zhang et al. entitled High Voltage Pulse Generator”, and SU Patent 1 254 584 A1
isstied to Remnev G.E. et al. in 1994 entitled “Powerful Generator of Twin Pulses”,
the content of each of which is incorporated herein by reference.

[0005] There are, howsver, disadvantages associated with the above-
referenced bipolar pulse generators. For example, all of the above-referenced
generators do nof provide voltage {impedance) transformation without an additional
pulse transformer. in addition, the conventional pulse generators are general
complex in nature, require more than one switch, and can be difficult to implement in
real world applications, especially for high power applications. Sfill further, the
switching elements reguired in US Patent 8,214,207 and 5U Patent 1 254 984 A1
require very shor (sub-nanosecond range) rise fimes, which are almost impossible {o
realize.

[0006] The present applicant has previously develapad an efficient
transmission Jine based pulse generator, which is described in US Patent Application
2007/165,839 entitled “Bipolar Pulse Genarators with Voltage Multiplication”, the
content of which is incorporated herein by reference, which provides all required
voltagefimpedance transformation and high power pulses with a single switch. Any
type of switch can be used in described pulse generator, including those in'which itis
necessary {o generate nanosecond range pulses. Further, because only a single
switch is utilized, there are no problems associated with switching time
synchronization. The bipolar puise generators in the above-referenced patent
application, however, do not have any gap between positive and negative sub-~
pulses.

[60G7] in ail cases, energy stored in a voltage charged transmission line is
proportional to the reverse value of line's characteristic impedance. |n order to make
a comparison of different generator’s circuits, the total energy stored in all equally
voltage charged transmission lines could be related to the energy stored in a

transmission line with critical (minimum) characteristic impedance as a reference.

D
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The lower characteristic impedance implies the lower space belwesn line's
conductors and the higher electric field, which is a limitation for selected voltage
defined by switch,

[0008] Accordingly, there remains a need for a bipolar pulse generator
solution based on voltage charged transmission lines which provides separation
between positive and negative sub-pulses, as well as a need for a bipolar pulse
generator with pulse separation that provides high pulse power, and that also
provides high voltage/impedance transformation.

{0009] in view of the above, it would be desirable to provide a bipolar pulse
generator that can address the needs set forth above, that can be implemented in a
simple transmission line structure with a single switch, which has a relatively small
total size, and that allows simple access by fibers to a closing photoconductive

switch(s) that actuates the bipolar pulse generator.

SUMNMARY OF THE INVENTION

[0040] The invention provides a bipolar pulse generator based on voltage
charged transmission lines, which provides a separation between positive and
negative sub-pulses. The bipolar pulse generator also produces high pulse power
while providing high voltage/impedance transformation. In addition, the bipolar pulse
generator of the invention can be implemented in a simple structure with a single
switch, has a relatively small total size, and allows simple access by fibers to a
photoconductive switch(s) that can be used to actuate the bipolar pulse generator.

{00111 The bipolar pulse generator of the invention preferably includes a first
voltage charged transmission fine structure including a switch, a second non-charged
transmission line structure, a load positioned in the second transmission line
structure, and a voltage source that charges the first fransmission line structure when

the switch is in the open state.  The ipolar pulse generator is activated and
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generates a bipolar pulse, including a separation or gap between a negative sub-
pulse and a positive stib-pulse thereof, when the switch is closed.

[0012] Inone preferred embodiment, the first transmission line structure
includes a first transmission line, the second transmission structure includes a
second transmission line connected to a third transmission line and the load is
positioned between the second fransmission line and the third transmission line of
the second transmission line structure.

{00131 In a further embodiment, the first, second and third fransmission lines
are preferably composed of two conductor fransmission lines, wherein a distal end of
the first fransmission line is coupled to a near end of the second transmission ling, a
distal end of the second transmission line is coupled to the load, a near end of the
third transmission line is coupled to the load and a distal end of the third transmission
line is short-circuited.

{0014] In another embodiment, the first transmission line structure includes a
three conductor transmission line structure and the second transmission line
structure includes a two conductor transmission line structure. The three conductor
fransmission line structure preferably includes a first conductor, a second conductar
and a central conductor, wherein the first conductor and the central conductor
comprises a first {ransmission line and the second conductor and the central
conductor comprises a second transmission line, and wherein the switch is provided
between first conductor and the central conductor of the first transmission line at a
near end thereof,

[0015] Accordingly, in one embodiment, the invention provides a simple
bipolar pulse generator that includes three twe-conductor transmission lines coupled
together with a load positioned betwesn the second and the third non-charged
transmission lines. Each conductor of a transmission line can be defined as a

segment. The two-segment first transmission line is charged and switchably coupled
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to the two-segment second transmission line {o produce a bipolar puise on the
matched load. The distant end of the third transmission line is short-circuited.

[0016] Accordingly, in another embodiment of the present inventian, a bipolar
pulse generator may include two transmission line structures coupled together with a
load positioned between the two transmission line structures. The first charged
transmission line structure may include an embedded (third) charged fransmission
fine segment. A switch is coupled between a first {grounded) transmission line
segment and the second transmission line segment of the transmission line structure
at their near end. During operation, the second fransmission line segment is charged
equally with respect to the first and to the third segments of the first fransmission line
structure and the charging voltage exists on the open position switch. When the
switch is closed the first fransmission line structure starts to discharge and, with the
second non-charged transmission line structure, generates a bipolar pulse on
matched load with specified separation between positive and negative sub-pulses.

[0017] in anaother embodiment of the present invention, the bipolar pulse
generator may further include a charged stepped transmission line between the
switch at its near end and the embedded transmission line segment at its distant end
that facilitates voltage fimpedance transformation. The impedance of the stepped
transmission line may increase for each successive step. Moreover, the load and the
second transmission line structure may have impedances that are higher than the
maximum characteristic impedance of the stepped tfransmission line.

[0018] According to still another embodiment of the present invention, the
bipolar pulse generator may further include additional non-charged transmission line
interconnected between a first (charged) transmission line structure and the load {o
provide specified separation (gap) between positive and negative sub-pulses.

[0019] The bipolar pulse generator according o the invention is useful in
HPM generation, in particle accelerators and in other high voltage physical

instruments and test equipments. These and other advantages and features of the
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invention will become apparent to those skilled in the art from the following detailed

description of the preferred embodiments of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

{0020] The invention will be described with reference to certain preferred
embodiments thereof and the accompanying figures, whersin:

Fig. 1a depicts a schematic of a bipolar pulse generator according to the prior
art with a switch positioned inside structure;

Fig. 1b depicts an ideal pulse form provided by the generator iflustrated in Fig.
1a;

Fig. 2a depicts a simple schematic of a bipolar pulse generator according {o
the prior art with a switch that can be positioned outside structure,;

Fig. 2b depicts an ideal pulse form on the load provided by the generator
flustrated in Fig 2a;

Fig. 3a depicts a schematic of a single-stage bipolar pulse generator
according to the prior art with increased impedance transformation;

Fig. 3b depicts an ideal pulse form on the load provided by the generator
itlustrated in Fig. 3a;

Fig. 4 depicts a schematic of an N-stage bipolar plilse generator according fo
the prior art with a charged stepped transmission ling that provides high impedance
and voltage fransformation;

Fig. 5 depicts a schematic of an N-stage bipolar pulse generator according to
the prior art with a charged stepped transmission line in which first stage consists of
nidentical switched stacked transmission lines in a first stage that provides increased
power/energy and impedance transformation by a factor n;

Fig. 6a depicts a simple structure of a bipolar pulse generator with any
specified gap between sub-pulses according to an embodiment of the present

invention;
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Fig. 6b depicts an ideal pulse form provided by the generator ilustrated in Fig.
Ba;

Fig. 7a depicts a schematic of g single-stage, single-step bipolar pulse
generator with a gap between sub-puises according o an embodiment of the present
invention;

Fig. 7b depicts an ideal pulse form provided by the generaior iflustrated in Fig.
7a;

Fig. 8a depicts a schematic of a single-stage, single-step bipolar pulse
generator with limited by 21 specified gap between sub-puises according to an
emboediment of the present invention;

Fig. 8b depicts an ideal pulse form provided by the generator illustrated in Fig.
8a.

Fig. 9a depicts a schematic of a single-stage, two-step bipolar pulse
generator with the gap between sub-pulses equal 10 the double length of sub-puise
accarding to an embodiment of the present invention;

Fig. @b depicts an ideal pulse form provided by the generator illustrated in Fig.
9a.

Fig. 10a depicts a schematic of a single-stage, two-step bipolar pulse
generator with limited by 4t specified gap between sub-pulses according to an
embodimeant of the present invention;

Fig. 10b depicts an ideal pulse form provided by the generator illustrated in
Fig. 10a;

Fig. 11a depicts a schematic of a single-stage, three-step bipolar pulse
generator with a gap between sub-pulses equal to the length of three sub-pulses
according to an embodiment of the present invention;

Fig. 11b depicts an ideal puise form provided by the generator ilfustrated in

Fig. 11a.
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Fig. 12a depicts a schematic of a single-siage, n-step bipolar pulse generator
with a gap between sub-pulses equal to the length of n sub-pulses (2nt) according to
an embodiment of the present invention;

Fig. 12b depicts an ideal pulse form provided by the generator llustrated in
Fig. 12s;

Fig. 13a depicts a schematic of a single-stage, n-step bipolar pulse generator
with limited by 2nt specified gap between sub-pulses according o an embodiment of
the present invention,

Fig. 13b depicts an ideal pulse form provided by the generator illustrated in
Fig. 13a;

Fig. 14a depicts a schematic of two-stage bipolar pulse generator with a-gap
equal to the length of sub-pulse according to an embodiment of the present
invention;

Fig. 14b depicts an ideal pulse form provided by the generator illustrated in
Fig. 14a;

Fig. 15 depicts a schematic of two-stage bipolar pulse generator with a gap
equal to the length of two sub-pulses according to an embodiment of the present
invention;

Fig. 16 depicts a schematic of two-stage bipolar pulse generator with a gap
equal to the length of three sub-pulses according to an embodiment of the present
invention;

Fig. 17 depicts a schematic of two-stage bipolar pulse generator with a gap
aqual to the length of four sub-pulses according to an embodiment of the present
rvention,

Figs. 18a and 18b respectively depict & schematic of six-stage bipolar pulse
generator with a gap equal to the length of sub-pulse according to an embodiment of

the present invention and resuiting waveforms;
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Fig. 19 depicts a schematic of two-stage bipolar pulse generator with a gap
egual to the length of two sub-pulses according to an embodiment of the present
invention;

Figs. 20a and 20b respectively depict a schematic of four-stage bipolar pulse
generator with a gap equal to the length of two sub-pulses according to an
embodiment of the present invention and resulting waveforms,

Fig. 21 depicts a schematic of two-stage bipolar pulse generator with a gap
squal to the length of three sub-pulses according to an embadiment of the present
invention;

Fig. 22 depicts a schematic of three-stage bipolar pulse generator with a gap
equal to the length of three sub-pulses according to an embodiment of the present
invertion:

Fig. 23 depicts a schematic of two-stage bipolar pulse generator with a gap
equal to the length of four sub-pulses according to an embodiment of the present
invention;

Fig. 24 depicts a schematic of three-stage bipolar pulse generator with a gap
equal to the length of four sub-pulses according fo an embodiment of the present
invention;

Fig. 25 presents the table of normalized characteristic impedances of
transmission lines and load impedances for all combinations of values of gaps
between sub-pulses (1, 2, 3, 4) and number of stages (1, 2, 3, 4, 5, 8} for bipolar
pulse generators according to an embodiment of the present invention;

Fig. 26 presents the table of normalized characteristic impedances of
transmission lines and foad impedances for all combinations of values of gaps
between sub-pulses (1, 2,.3, 4) and number of stages (7, 8, 9, 10, 11) for bipolar
pulse generators according to an embodiment of the present invention; and

Fig. 27 presents the table of normalized characteristic impedances of

transmission lines and load impedances for all combinations of values of gaps
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betwesn sub-pulses (5, B) and number of stages (1, 2, 3, 4, 5, 6) for bipolar pulse

generators according to an embodiment of the present invention.

RETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0021] Figs. 1-5 illustrated various-ratio impedance transformed bipolar pulse
generators according to the prior art,  Fig. 1a, for example, illustrates a bipolar pulse
generator with a switch positioned inside a structure, Fig. 2a depicts a schematic
diagram of a simple bipolar pulse generator with a switch that can be positioned
outside a structure. Fig. 3a depicts a schematic of a single-stage bipolar pulse
generator with increased impedance transformation. Fig. 4 depicts a schematic of an
N-stage bipolar pulse generator according to the prior art with a charged stepped
fransmission line that provides high impedance and voltage transformation. Fig. &
depicts a schamatic of an N-stage bipolar pulse generator with a charged stepped
transmission line in which first stage consists of n identical switched stacked
transmission lines in a first stage that provides increased power/energy and
impedance transformation by a factor n. The illustrated generators generate hipolar
pulses without gaps between the positive and negative sub-pulses with different
amplitudes depending on number of charged transmission line steps.

[0022] in contrast to the pulse generators of the prior art, the present
invention provides a pulse generator that generates bipolar pulses with separation or
gaps in time between positive and negative sub-pulses. As shown in Fig. 6a, for
example. a bipolar pulse generator is provided that includes three two-conductor
transmission fines 12, 14 and 186 coupled together with a load 15 positionad between
the second transmission line 14 and the third transmission lines 16, For the
purposes of this discussion, the first transmission line 12, which is voltage charged,
corresponds to a first transmission structure, and the second transmission line 14
and the third transmission line 18 both correspond to a second transmission line

structure and are not charged. Further, each conductor of a transmission line will be

10



WO 2010/104811 PCT/US2010/026590
termed a segment, with each transmission line including at least two cenductors, i.e.
two segments, in the jllustrated embodiment.

[0023] As shown iy Fig. 8a, a switch 10 couples g segment 11 of the first
fransmission line 12 to @ segment 13 of the second fransmission line 14. The second
transmission line 14 is connected to the load 15 at an end opposite to the switch 10
(distal end) and to an end {near end) of the third fransmission line 16. The
transmission ling 16 is short-circuited at a second end (distal end) opposite the end
connected with the second transmission line 14. The illustrated bipolar pulse
generator may be implemented in a flat or a folded design.

[0024} During operation, the first transmission line 12 is charged and is
switchably coupled to the second transmission line 14 via the switch 10 to produce a
bipolar pulse on the load 15. Initially, the switch 10 is open, which allows the two
segments of first ransmission line 12 to be charged by a voltage supply VO as
indicated in Fig. 6a. The switch 10 is subsequently closed, for example at time t0 =
0, which causes the discharge of transmission iine 12 into the second (currently non-
charged) transmission line structure, which includes the cascade-connected second
transmission line 14 and third transmission line 18, with the load 15 positioned
between second transimission line 14 and third transmission line 16. At the moment
transmission line 12 with the characteristic impedance Z starts to discharge to the
non-charged transnission line 14 with the same characteristic impedance Z, a pulse
with magnitude V0/2 starts to propagate on fransmission line 14 foward the load 15.
At the same maoment of time when the switch 10 is closed, the voltage at the end of
transmission line 12 drops from V0 to VO/2. Accordingly, a reflected negative polarity
pulse with magnitude ~V0/2 starts to propagate on transmission line 12, with its time
delay t toward its open end.

[0025] Attime delay t1, after switching the positive pulse with magnitude
V0/2 reaches the load 15 and sees the resuiting load impedance, which is equal fo

parallel connection of load resistance Z2/2 and characteristic impedance of the third

11
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transmission line 18 which is equal Z. The resulting load impedance is equal to Z/3
and, consequently, the reffection coefficient is equal to (Z ~ ZI3)(Z + Z/3) = 1/2, which
means that the voltage on the load 15 and magnitude of forward wave that continues
to propagate on the third transmission line 16 toward the short-cirouited end is equal
V04, The reflected wave, which starts to propagate on second transmission line 14
towards the closing switch 10 and to the open end of transmission line 12, is equal —~
V0/4. The voltage on the load 15, which is equal V074 starts at time delay 1 after
switching and will be continual during the period of time 2t as illustrated on Fig. 6b.
Therefore, at the moment of time {1 +2t after switching, the voltage on the load 15
drops to zero. During the period 2t, halve of energy stored in transmission line 12 18
dissipated oy the load 15,

[0026] The voltage on the load 15 will be still equal zero during the time
period 211 (double transient time of transmission fine 14) before the two waves with
egual negative magnitudes (-V0/4) amrives at the load 15, One wave with duration 2t
is reflected from the short-circuited end of transmission ling 16 with reversed polarity
{from positive to negative). The second identical wave (aiso with negative polarity) is
reflected at the same moment of time t + 2t1) after switching at the open end of
transmission line 12 without changing polarity. Each wave transfers 1/4 of the
energy initially stored in transmission line 12. The load 15 is matched {non-reflected)
load for each of those equal magnitude and hegative polarity waves. Therefore,
during additional time interval 2t, the negative polarity pulse {(~V0/4) will be dissipated
on the load 15 and no waves will be traveling on fransmission lines after this time.
The full energy initially stored in the first transmission line 12 is now dissipated on the
load 18. Fig. 6b depicts resulting ideal pulse on the load.

00271 The simple circuit ilfustrated in Fig. 6a is universal and valid for any
valuss of t > 0 and {1 2 0. However, the generator according to Fig.6a dogs not
provide any impedance transformation and powerfenergy on the Ivad is less than

compared to what is possibly achievable.
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[0028) Fig. 7a depicts a single-stage bipolar pulse generator according to
another embodiment of the present invention, wherein the gap between the positive
and negative sub-pulses is equal to the length of sub-pulse. Referring to Fig. 7a, the
first transmission line structure is a three conductor transmission line structure
including a first conductor, a second conductorand a central conductor. The first
conductor and the central conductor correspond fo a first transmission line 20 and
the second conductor and the central conductor correspond to a second transmission
fine 21, with a switch 22 conhected to the first transmission line 20 a firstend {near
end) of the first transmission line structure.  The first transmission line 20 and the
second transmission line 21 have egual characteristic impedances and are charged
to opposite polarities.

[0028] The output voltage of the first transmission line structure is connected
to a second (non-charged) transmission line structure, which includes a non-charged
third transmission line 24 short-circuited at an end (distal end) opposite to the end
connected o the first fransmission line structure. A load 23 is positioned between
interconnected nodes of first transmission line structure and the sacond fransmission
line structure. The first transmission fine 20 and the second transmission fine 21,
gach with a normalized characteristic impedances equal to one (1), have the sams
time delay {. The third transmission line 24 has a normalized characteristic
impedance equal fo two (2) and a time delay equal 2{. The normalized resistive
impedance of the load 23 is egual to one {1}, and defined as a parallel connection of
equal characteristic impedances: first transmission line structure {two series
connected impedances of the first transmission line 20 and the second transmission
line 21) and impedance of the third fransmission line 24.

[0030] After closing switch 22, for example at time {0 = 0, a2 negative pulse
with voltage (—V0) staris {o propagate on the first transmission line 20 from the near
end, where the voltage drops to zero toward its distal end. After a time delay {, the

puise reaches the distal end of transmission line 20 and summarized in-phase with
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charged voltage (-V0} on the transmission line 21. The resulling voltage (-2V0) as the
output voltage of the first transmission line structure is appiied to the parallel
connected load 23 and the near end of third transmission line 24 which has its distal
end short-circuited. The resulting normalized load impedance for the source, i.e. for
the first transmission Bne structure {two series connected fransmission lines 21 and
22), is equal to 2/3. With source voitage - 2V0, normalized source impedance equal
2 and load impedance equal 2/3, the voltage on the load 23 is equal to -V0/2. The
same magnitude -V0/2 voltage pulse also starts o propagate on the third
transmission line 24 toward its short-circuited end. At the same time, the reflected
positive voltage pulse 2V0 V02 = 3V0/2 divides equally between equal
characteristic impedance’s transmission lines 20.and 21, and starts {o propagate as
two 3V0/M pulses toward the open end of the second transmission line 21 and toward
the short-circulted (by switch 22} end of first transmission line 20. After time delay t,
these pulses are reflected back. However, the pulse on transmission line 20 is
reflected at the closing switch 22 with an opposite polarity. After additional time
delay t, these two pulses reach the load 23 and now they are in-phase as one pulse
with magnitude V2. At the same moment of time, another puise traveling initially on
the third fransmission line 24 with magnitude (<V0/2) returns back to the load 23 as
positive pulse VO/2 after reflection at short-circuited end of transmission line 24. For
each these equal pulses with magnitude V0/2, the load 23 is a matched load (twice
the load impedance) and in result a positive pulse with magnitude V0/2 will be on the
load 23 during pericd of ime 2t Fig. 7b depicts resulting ideal pulse onthe load.

[0031] The generator according to Fig. 7a, and all the following generators
presented as embodiments of the present invention, generates pulse power on the
load that exceeds by a factor of 1.5 the pulse power generated by the single-switch
generator presented in mantioned above US Patent Application US2007/165838.
The circuit shown on Fig.7a can be modified to achieve any specified gap between

sub-puises which i3 longer than 2t

14
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[0032} Fig. 8a illustrates a bipolar pulse generator in accordance with a
further embodiment of the present invention. With respect to Fig.7a, the embodiment
of Fig. 8a includes an additional intermediate non-charged transmission line 25 in the
second transmission structure with a specified time delay t1 and normalized
characteristic impedance equal 2, which is the sum of normalized characteristic
impedances of first and second transmission lines 20 and 21. In addition, the length
of the third transmission line 28 is increased by {1 relative to third transmission line
24 flustrated in Fig.7a. The wave's propagation process in the bipolar pulse
generator ilustrated in Fig.8a in principle is the same 35 in the generator shown on
Fig.7a including only the additional effect of the fime delay 1.

[0033] it is noted that the structure of Fig.7a is a Blumiein pulse generator
with an additional double length transmission line 24 connected to the Inad at its near
end and short-circuited at its distant end. The impedance of load 23 is twice less
than in a Blumlein pulse generator, and is equal to the impedance of parallel
connected transmission line 24 with impedance of series connected transmission
lines 20 and 21. In the case of these impedances and lengths, half of the energy
stared in transmission lines 20 and 21 is delivered by the first sub-pulse, and the
second half of energy is delivered by the second sub-pulse.

[0034] 1tis well-known that a Blumlein generator is a single-step (particular
case) of stepped-iine Darlington unipolar pulse gensrator. Fig. 9a illustrates a bipolar
pulse generator according to an embaodiment of the present invention, which is a
maodified two-step Darlington generator with an additional transmission iine 33 short-
sircuited at its distant end. By analogy with Fig. 7a, a characteristic impedance of
transmission line 33 is equal to the sum of characteristic impedances of the
transmission line 31 and a sscond-step line In a two-step transmission line 30. These
lines are connected in series with respect to a load 32 and their resulting normalized
impedance is equal to 4.5, which is equal {o the impedance of fransmission line 33

and is twice the impedance of the load 32, The slectrical length of the transmission
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line 33, also by analogy with circuit Fig. 7a, is longer by time delay t than the electrical
length (2t) of two-step Darlington structure {from switch 34 to the end of second step
with normalized characteristic impedance equal 3).

[0038] Analysis of the wave propagations on the two-step transmission ling
30 and the fransmission lines 31, 33 gives the resulting pulse on the load, which is
fllustrated on Fig. 8b. In this case also, half of the energy stored in the two-step
transmission line 30 and the transmission ling 31 is delivered to the load 32 by the
first sub-pulse, and the second half of the energy is delivered by two identical waves
with one quarter of the total energy in each coming on transmission line 33 after
reflection at its short-circuited distant end and on the two-step structure 30 with the
fransmission line 31.

[0038] By analogy with the circuit of Fig.7b, to increase the separation
between the sub-pulses above 3t, an additional matched fransmission line 35 is
inserted between the output of the two-step Darlington generafor structure and the
load 32. As illustrated in a further embodiment of the invention Hlustrated on Fig.
10a, an electrical length of the transmission line 36 is short-circuited at its distant end
is increased by a time delay 11 relative to the transmiission fine 33 as Hustrated in
Fig.9a. The resulting pulse on the load 32 initiated by closing switch 34 is llustrated
on Fig.10b.

[0037] Fig.11a depicts a single-stage (Darlington-type) three-step bipolar
pulse generator in accordance with another embodiment of the present invention. it
consists of three-step fransmission line 40 with a switch 44 at its near end and a
transmission line 41 that forms a transmission-line part of a Darlington generator, and
an additional transmission line 42 connectad to the load at its near end and short-
circuited at its distal end. All characteristic impedances inthree-step transmission
line 40 and characteristic impedance of the transmission line 41 are the same as for
a Darlington generator; however the impedance of load 43 is one half of that for a

Darlington generator to achieve matching in full bipolar pulse generator including
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added the transmission line 42. The glectrical length of the transmission ine 42, by
analogy with circuits Fig.7a-Fig10a, is longer by a time delay t than the total electrical
length (3t) of a three-step line Darlington’s generator. The resulting pulse on the lvad
43 is illustrated on Fig.11b.

[0038] The illustrated principle of creating bipolar pulse generators as shown
in Figs. 7a-11a, namely adding a transmission line (with specific characteristic
impedance and time delay) connected fo the load at its near end and short-circuited
at its distal-end, can be extended for any number of steps n and termed as a single
stage, n-step bipolar pulse generator. For example, Fig. 12a that depicts a bipolar
pulse generator according to a further embodiment of the present invention, in which
an n-step transmission ling 50 with transmission ling 51 and switch 54 forms a
charging structure of a Darlingion pulse generator. An additional transmission line 52
is connectad to the load 53 and short-circuited at its distant end, and provides a
bipolar pulse with 2nt separation time between sub-pulses as Hlustrated on Fig. 12b.
The electrical length of the transmission line 52 is equal to (n+1)t, where tis the
electrical length of each step. The normalized values of step’s characteristic

impedances and joad impedance related to the impedance of the first step are equal:

Zi=i{i+1)/2, where i =1, 2, 3,..., n number of sleps (M
Ze={n+1)/2 {2)
ZL = {n+1)*12 (3)
ZR = [(n+1)2F =Zc* (4)

[t should be noted that equations (1) and (2) define a Darlington transmission
line structure, while equations (3) and (4) give bipolar pulse with the gap between
sub-pulses equal 2nt.

[0038] Referring to Fig.13a, an n-step bipolar pulse generator according to
another embodiment of the present invention, is shown in which an additional non-
charged matched transmission line 55 with electrical length t1 is inserted between an

output of charged structure (stepped line 50 with line 51) and the load 52 in a similar
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way as lllustrated on Fig. 8a and Fig. 10a. The electrical length of transmission line
56 which ts short-circuited at its distal end also should be increased by time {1 and
egual to (n+1)t + 1. The resulting pulse on the load 52 activated by switch 54 is
illustrated on Fig.13b,

Single-stage (Darlington-type), n-step bipolar puise generators Fig.12a provides
increasing voltage/impedance transformation only by increasing the time delay
between positive and negative sub-puises.

[0040] Fig. 14 depicts a two-stage {s = 2) bipolar pulse generator according
to another embodiment of the present invention, in which a charged transmission
line section 61 is a first stage and two followed charged steps 62 form a second
stage. These two steps 82 with charged transmission lines 63, non-charged
fransmission line 86 and load 85 are defined by transformation of transmission lines
21, 24 and load 23 in the circuit of Fig.7a. In this case, transformation in
voltage/impedance is increased without changing the gap between sub-pulses, which
is equal 1o the length of sub-pulse. The resulting pulse on the load 65 initiated by
closing switch 84 is illustrated on Fig.14b.

{00411 In all bipolar pulse generators according to smbodiments of the
present invention, the first stage is a Darlington n-stepped line (n 2 1) that determines
the gap between sub-pulses. This gap is egual to or excesds {in the case of
additional non-charged line between charged Darlington’s structure and the load) the
double transit time of Darlington’s stepped line. All followed stages provide only
voltage/impedance transformation.

{00427 Fig.15 depicts a two-stage (s = 2) bipolar pulse generator according to
another embodiment of the present invention, in which the gap betwesn sub-pulses
equal to the length of two sub-pulses {g = 2), which is similar to a single-stage
generator according to Fig. 9a. In the referenced generator of Fig. 15, the first two-
step stage 70, which determines the gap between sub-pulses (41), is the same as the

two-step line 30 in Fig.8a. The values of elements of the second three-step stage 71,
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as well as elements 72, 73 and 74, are obtained by applying similar transformation
{as in the circuit of Fig. 14) to elements 31, 32 and 33 of the circuit shown on Fig.%a.
As a result, a generator with the same gap as for initial circuit Fig.Ba provides
voltagefimpedance transformation, which is higher as compared to the ones for the
generator Hlustrated in Fig.9a.

[0043] Fig.16 depicts a two-stage (s = 2) bipolar puise generator according to
another embodiment of the present invention, in which the first three-step stage 80
that determines the gap between sub-pulses (6t) is the same as for the gensrator
Hustrated in Fig.11a. Element's values of the second four-step stage 81 and the
elements 82, 83 and 84 are obtained by applying (the same transformation as for
gircuit Fig. 14) to elements 41, 42 and 43 of circuit in Fig. 11a, i.e. to elements &1, 52
and 53 of gircuit Fig. 12a, assuming n = 3. In the resulling circuit shown in Fig. 18, the
voltage/impedance transformation is increased as compared with the circuit in
Fig.11a.

{0044] Fig. 17 depicts another two-stage (s = 2) bipolar pulse generator
according to ancther embodiment of the present invention, in which a first four-step
stage 90 is a Darlington-type four-step fransmission line that determines the gap
between sub-pulses, which is-equal to the length of four sub-pulses, or to the double
transit time of the first stage 90. Normalized characteristic impedances of steps in
this stage are defined by equation (1). The impedances of five-step second stage 91
and impedances of transmission lines 82, 83 and load 94 are defined by applying as
before circuit transformation to elements 51, 52 and 53 of circuit Fig.12aforn =4.
These three impedances are defined by equations (2}, (3) and {4), assumingn =4
and the electrical length of line short-circuited at its distant end is equal {o 5t.

[0045] Fig.18a depicts a six-stage {s = 8} bipolar pulse generator according
to another embodiment of the present invention, in which a single-step first stage 101
determines the gap between sub-pulses equal to the length of sub-pulse (double

transit time of first stage 101). All followed five two-step stages 102, 103, 104, 1056
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and 106 provide impedance/voltage transformation. Characteristic impedances of all
lines and impedance of a load 109 are presented in analytical form.

[0046] Fig. 19 depicts a two-stage (s = 2) bipolar pulse generator according fo
another embodiment of the present invention, in which a first two-step stage 111 that
determinates the gap between sub-pulses (4t} is a Darlington stepped line forn = 2.
Step impedances of a second three-step stage 112, the impedances of transmission
lines 113, 114 and the impedance of {cad 115 are presented on Fig. 19 in analytical
form.

[0047] Fig. 20a depicts a four-stage 120 {s = 4) bipolar pulse generator
according to another embodiment of the present invention, in which a first two-step
stage is the same as in Fig.19 that determinates the same gap between sub-pulses
{41). Step impedances of all the following three stages and the impedances of
fransmission fines 121, 122 and the impedance of load 123 are presented in Fig.20a
in analytical form.

[0048] Fig.21 depicts a two-stage 130 (s = 2) bipolar pulse generator
acoording to another embodiment of the present invention, in which a first three-step
stage determines the gap between sub-pulses equal 6t. Four step impedances of
the second stage and the impedances of transmission lines 131, 132 and the
impedance of load 133 are presented in analytical form.

[0048] Fig.22 depicts a three-stage 140 (s = 3) bipolar pulse generator
according to another embodiment of the present invention, in which a first three-step
stage determines the same gap between sub-pulses (6t) as for the generator
according to that shown in Fig.21, Al step impedances of the next two stages and
the impedances of transmission fines 141, 142 and the impedance of joad 143 are
presented in analytical form.

[0050] Fig.23 depicts a two-stage 150 (s = 2) bipolar pulse generator
according to another embodiment of the present invention, in-which a first four-step

stage determines the gap between sub-pulses (8t) as a double transit time of this
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stage. All step impedances of the next stage and the impedances of transmission
lines 151, 152 and the impedance of load 153 are presented in analytical form.

[0051] Fig. 24 depicts a three-stage 1680 (s = 3) bipolar pulse generator
according to another embodiment of the present invention, in which a first four-step
stage is the same as for the generator shown in Fig.23 and determines the same gap
(81) between sub-pulses. All step impedances of the next two stages and the
impedances of fransmission lines 161, 162 and the impedance of load 163 are
presented in analytical form

[0052] Fig.25 is a table of normalized characteristic impedances of
transniission lines and load impedances in analytical form for all combinations of
gaps between sub-pulses (g = 1, 2, 3, 4) relative to the length of sub-pulse and
number of stages =1, 2, 3. 4,5, 6.

[0083] Fig. 28 is a table of normalized characteristic impedances of
transmission lines and load impedances in analytical form for all combinations of
gaps betwesn sub-pulses (g = 1, 2, 3, 4) relative o the length of sub-pulse and
number of stages s=7. 8, 8, 10, 11,

[0054] Fig.27 is a table of normalized characteristic impedances of
fransmission lines and load impedances in analytical form for-all combinations of
gaps between sub-pulses (g = 5, 6) relative to the length of sub-pulse and number of
stages §=1,2,3, 4,5, 6.

[0085] The tables illustrate the principle of determination of all impedances
for any given numbers g and s for a bipolar pulse generators according to an
embodiment of the present invention.

[0058] The invention has been described with reference to certain preferred
embodiments thereof. It will be understood, however, that modifications and

variations are possible within the scope of the appended claims.
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WHAT {S CLAIMED 1S:

1. A bipolar puise generator comprising:

a first transmission line structure including a switch;

a second transmission fine structure;

a load coupled between the first transmission line structure and the second
transmission line structure;

a voltage source that charges the first fransmission line structure when the
switch is in the open state; and

wherein the bipolar pulse generator generates a pulse including a gap
between a negative sub-pulse and a positive sub-pulse when the switch is in the

closead state.

2. A bipolar pulse generator as claimed in claim 1, wherein the first
transmission line structure includes a first transmission line, the second fransmission
line structure, includes a second transmission line connected to a third transmission
line and the load is positioned between the second fransmission ling and the third

transmission line

3. A bipolar pulse generator as claimed in claim 2, wherein the first, second

and third transmission lines are sach fwo conductor transmission lines.

4, A bipolar pulse generator as claimed in claim 2, wherein the distal end of
the first transmission line is coupled to the near end of the second transmission line
through the switch, the distal end of the second transmission line is coupled to the
foad, the near end of the third transmission line is coupled to the load and the distal

end of the third transmission ling is shori-circuited.
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5. The bipolar pulse generator according to claim 1, wherein the first
transmission line structure comprises a three conductor transmission line structure
and the second transmission line structure comprises a twe conductor fransmission

fine struciure.

8. The bipolar pulse generator according to claim 5, wherein the three
conductor transmission line structure includes a first conductor, a second conductor
and a central conductor, wherein the first conductor and the central conductor
comprises a first transmission line and the second conductor and the central
conductor comprises a second transmission line, and wherein the switch is provided
between first conductor and the central canductor of the first transmission line at a

near-end thereof.

7. The bipolar pulse generator according to claim 6. wherein a distal end of
the three conductor first transmission fine structure is coupled to the joad, wherein
the load is connected to the near end of the second transmission line structure, which

is 3 two-conductor transmigsion line short~circuited at its distal end.

8. The bipolar pulse generator according to claim 8, wherein the veliage
source charges the first transmission line and the second transmission line to

opposite polarities.

9. The bipolar pulse generator according to claim 5 wherein the positive sub-
pulse and the negative sub-pulse are of equal length, and the gap between the
positive sub-pulse and the negative sub-pulse is the same length as the length of

positive sub-pulse and the negative sub-pulse.
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10. A bipolar pulse generator as claimed in claim 6, wherein the second
transmission structure includes a third transmission line cascade connhected to a

fourth transmission line and the load is positioned between the third transmission line

and the fourth transmission line.

11. The bipolar pulse generator according to claim 10, wherein a distal end of

the fourth transmission ling is short-circuited.

12. The bipolar pulse generator according to claim 8, wherein the first

transmission line is a multi-step fransmission line inciuding n steps.

13. The bipolar pulse generator according to claim 12 wherein the positive
sub-pulse and the negative sub-pulse are of equal length, and the gap between the
positive sub-pulse and negative sub-pulse is the equal to n times the length of the

positive sub-pulse or the negative sub-puise.

14. The bipolar pulse generator as claimed in claim 12, wherein the second
transmission structure includes a third transmission line cascade connected {o a
fourth transmission line and the load is pesitionad between the third transmission line

and the fourth transmission line,

15. The bipolar pulse generator according to claim 14, wherein a distal end of

the fourth transmission ling is shori-circuited.

18. The bipolar pulse generator according to claim 12, wherein the stepped

transmission fine includes two steps.
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17. The bipolar pulse gensrator according to claim 12, wherein the stepped

transmission line includes three steps.

18. The bipolar pulse generator according to claim 12, wherein the

impedance of each successive step increases.

19. The bipolar pulse generator according to claim 12, wherein the glectrical
length of the fourth transmission line, is n+1 times the slectrical length of each step of

the first fransmission line.
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