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The design, construction, and operational characteristics of a 200 kV transmission line pulse
transformer is described. The transformer is wound using a new winding method that enhances the
isolation of the output of the transformer from the input. As a result, pulse droop is substantially
reduced, minimizing pulse distortion in the transformer. The ways in which both pulse rise time and
droop can be further improved are investigated using a simple model for the transformer. The
frequency response performance of the transformer is also described and modeled. As a result, it is
shown that this type of transformer has the potential to be used as a high-frequency, continuously
excited power transformer. ©1996 American Institute of Physics.@S0034-6748~96!03307-2#

I. INTRODUCTION

There is increasing interest in the use of transmission
line pulse transformers for a variety of applications, where
the peak pulse power is of the order of a few hundred MW or
less and the pulse amplitudes are in the region of a few
hundred kV. Factors such as the constructional simplicity of
the devices and low cost often influence the designer of
pulsed power supplies to use these devices, particularly if
there is a requirement for repetitive operation of the supply.
One significant problem that has limited more widespread
use of these devices has been a lack of a proper understand-
ing of the way in which these devices work and adequate
circuit models from which detailed design calculations can
be made. Two articles that address the modeling issue and
also review the wide variety of different types of devices that
have been made have recently been written.1,2 From this
work it would appear that the potential performance capabili-
ties and range of applications for which this class of trans-
former can be used are more significant than has previously
been realized.

The transformer described in this article was built as a
test device to investigate, in particular, rise time, gain, and
pulse droop capabilities of a high voltage transmission line
transformer capable of output voltages up to 200 kV when
operated in air. Rise time and pulse droop have always been
problem issues for designers of conventional magnetically
cored pulse transformer, particularly in the case of high volt-
age transformers with large turn ratios. In such devices, leak-
age inductance in the primary winding and stray capacitance
in the secondary can severely limit output rise time. If the
number of turns on the transformer is restricted in order to
reduce the stray capacitance, the primary inductance is re-
duced and consequently pulse droop becomes worse.3 The
transformer described in this article features a rise time/pulse
droop capability that would be very difficult to achieve in a
conventional pulse transformer with the same operating volt-
age and voltage gain. Furthermore, performance measure-
ments on the transformer and their analysis indicate fairly
simple ways in which the rise time and pulse droop capabili-
ties could be further extended in this type of device.

The low pulse droop exhibited by the transformer should
be of considerable interest to the designers of linear accel-

erators that use high power klystrons to accelerate the beam.
Pulse droops of less than 1% over pulse lengths up to 1ms
are often specified for the pulsed power source used to drive
the klystrons in order to minimize power and phase varia-
tions between the accelerating cavities.4

II. CONSTRUCTION

The basic construction of the transformer can be seen by
reference to the circuit diagram shown in Fig. 1 and the
photograph of the transformer given in Fig. 2. The trans-
former was constructed using ten lengths of URM 67 coaxial
cable, each of which is 110 m long. This cable has an im-
pedance of 50V, an outside diameter of 10.3 mm, and a
maximum dc operating voltage of 40 kV. The basic con-
struction of the transformer exploits the benefits of mutually
coupling the cable windings, at each stage of the transformer,
to enhance the inductive isolation of the output of the trans-
former from the input.2 This winding technique also ensures
that the inductive isolation to ground, from the output of the
transformer to the input, increases from the bottom stage
upwards and has the added benefit that the potential differ-
ence between the top and bottom stage of the transformer is
uniformly divided between each of the ten stages of the
transformer. The transformer was wound through nine sets of
ferrite cores, one set for all but the bottom stage of the trans-
former. Each set of cores comprised 18 rectangular cores
made from four clamped ‘‘I’’ shaped cores and were
mounted radially on the circumference of a large PVC tube
40 mm in diameter. The cores were made of 3C8~A16!5

MnZn ferrite that is commonly used to make power trans-
formers for switched mode power supplies and the magnetic
area of the cores was 625 mm2. The magnetic length of the
cores was reduced in the top stages of the transformer to
minimize its weight and size. This is possible as the volume,
occupied by the windings, reduces from the bottom to the top
stages of the transformer. Each stage of the transformer, with
its corresponding set of cores, was separated from its neigh-
bors by an annular ring of perspex that was glued to the PVC
tube to minimize the chance of electrical breakdown between
the stages, and the whole winding/core structure was sup-
ported with threaded lengths of nylon rod that were bolted at
each stage. The overall height of the transformer was 1.3 m.
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The transformer was wound by taking nine of the cables
and winding them, in a spiral fashion, seven times through
the lowest set of ferrite cores on the PVC tube. The first
stage of the transformer was made by passing the tenth cable
through a hole in the bottom of the tube and making it the

bottom cable in the series connection of the output ends of
the cables shown in Fig. 1. The next stage of the transformer
was made by winding eight of the remaining nine cables
again seven times through the next set of 18 cores adjacent to
the bottom set. The ninth cable was then passed into the tube
and connected in series with the output of the first stage of
the transformer. This process was repeated at each stage by
winding all but one of the remaining cables on separate sets
of cores and connecting the unwound cable in series with the
output of the preceding stage. In this way the top stage com-
prises just one cable that, when connected in series with the
penultimate cable in the stack, completes the construction
and winding of the transformer. The series connection of the
output ends of the cables was made vertically, up the center
of the PVC tube on which the windings were mounted. As
only one of the cables is wound through all nine sets of
cores, there is the problem of storing quite large lengths of
cable. This was done by winding the cables, prior to winding
the transformer, on a second PVC tube that is shown to the
right of the transformer in Fig. 2. Clearly, the longest wind-
ing on this tube results from the bottom cable of the trans-
former with successive cables in the transformer occupying a
decreasing amount of space on the second tube as their wind-
ing length in the transformer stack increases.

Load resistors were connected to the output of the trans-
former by running the load and its connecting conductors
down the center of the transformer in parallel with the insu-
lating rod used to support the vertical, series connection of
the output of the cables. A low inductance connection to the
input of the transformer was made by stripping back the
braiding of the cables by 100 mm and soldering the inner
conductors of the cables to a length of brass sheet. The braid-
ing of each of the cables was then connected to a second
brass sheet that was run under the set of inner conductors and
insulated from them by sheet of perspex. The arrangement
can be seen on the far right hand side of the photograph in
Fig. 2.

The transformer was operated in air so that modifications
to the transformer structure and electrical measurements on
the transformer could conveniently be made. This meant that
the maximum operating voltage of the transformer was re-
stricted to 200 kV due to electrical breakdown problems
within the transformer structure when operated above this
voltage. There is no reason why the transformer could not be
operated under oil when it should be possible to approach an
operating potential close to ten times the maximum operating
potential of an individual cable. It should be noted, however,
that internal breakdown of individual cables, due to corona
discharges between the cable conductors and the insulating
dielectric, will reduce this operating potential to a figure be-
low the maximum dc operating potential quoted earlier.6

This problem is exacerbated if such transformers are run at
high repetition rates. Performance data from the manufac-
turer of URM 677 cable recommends a maximum pulse op-
erating voltage of 13 kV although experience in operating
this and other transmission line transformers8 would suggest
that this figure is rather conservative and that the cable can
be safely run at around twice this voltage.

FIG. 1. Equivalent circuit of the ten-stage transformer.

FIG. 2. Photograph of the complete transformer assembly.
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III. PERFORMANCE

The operating characteristics of the transformer as a
pulse transformer were investigated both at low voltage and
at the maximum voltage that the transformer would with-
stand without breakdown~200 kV!. At low voltage a pulse
generator, with pulse rise and fall times<6 ns ~Philips
PM5715!, was connected to the input of the transformer via
a 47V resistor to ensure that the 50V output impedance of
the generator was matched. Since the input impedance of the
transformer is just 5V, care was taken to minimize the stray
inductance of the connection to prevent an increase in pulse
rise time. The output of the transformer was connected to a
carbon composite 500V load resistor as described in Sec. II.
Observation of both the input and output wave forms was
made using a Tektronix 2440 oscilloscope. The results of
these tests are shown in Fig. 3.

In Fig. 3~a!, input and output wave forms are shown for
1 ms input pulse, the output pulse being the lower of the two
wave forms. The output pulse wave form, attenuated by a
factor of 10 compared to the input pulse, shows negligible
droop and some increase in rise time due to the stray capaci-
tance in the spiral cable windings of the transformer. This
capacitance causes a mismatch to the output impedance of
the transformer at the start of the pulse and consequently a
negative spike is propagated back to the input of the trans-
former. This spike can clearly be seen on the input wave
form after the input pulse has terminated. The amplitudes of

the input and the attenuated output pulses are virtually the
same, when the transformer is operated under matched con-
ditions, indicating that the gain of the transformer is very
close the theoretical gain of 10. The leading edge of the
output wave form is expanded and displayed in Fig. 3~c!,
where it can be seen that the 10%–90% rise time is of the
order of 65 ns if the spurious ‘‘bump’’ on the rising edge of
the wave form is disregarded. A longer, 100ms pulse was
also injected into the transformer to investigate its ability to
maintain ‘‘flat top’’ performance over relatively long time
scales. In Fig. 3~b!, very little droop is evident in the output
pulse over a duration of severalms, and in Fig. 3~d! the
90%–10% droop, on a much longer time scale, can be seen
to be 61.9ms.

At high voltages, the low input impedance of the pulse
transformer makes it difficult to produce a pulse of sufficient
quality to adequately test the performance capabilities of the
transformer. This problem was solved by building a 1ms
pulse forming line using the paralleled lengths of URM 67
coaxial cable, which gives a perfect match to the input im-
pedance of the transformer. To minimize pulse distortion, a
pressurized rail spark gap was used to switch the pulse form-
ing line into the transformer through a carefully engineered,
low inductance feed. To inject a pulse of 20 kV into the
transformer, the line was charged to 40 kV and the results of
this test are shown in Fig. 4. The output voltage wave form
again has a slight increase in rise time with negligible droop

FIG. 3. Low voltage input and output wave forms from the transformer. Arbitrary vertical scale~a! Input and output wave forms 500 ns/horizontal division—1
ms input pulse.~b! Input and output wave forms 500 ns/horizontal division—100ms input pulse.~c! Output wave form 50 ns/horizontal division. 10%–90%
rise marked 57.5 ns.~d! Output wave form 10ms/horizontal division. 90%–10% fall marked 61.9ms.
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and has an amplitude that is very close to the theoretical
maximum of 200 kV. Clearly, the performance of this trans-
former as a high voltage pulse transformer is exceptional in
comparison to the level of performance that is to be expected
from conventional magnetically core devices.

Both the observed rise time and droop can accurately be
accounted for using the reflection model for this type of
transformer discussed elsewhere.2 Equivalent circuits for
both the output and input circuits of the transformer can be
found by this method, and the resulting circuits are presented
in Fig. 5. In the output circuit, it has been assumed that the
inductance at each stage of the winding is the same despite
the fact that the magnetic length of the cores in the top two
and bottom two stages of the transformer are slightly smaller
and larger, respectively, than the length of the remaining
middle stages. The variation in the measured inductance at

the different stages ranged from 1.9 mH~top! to 1.26 mH
~bottom!. The effect of this variation was minimized by es-
timating, from the measured values, an average value of the
inductanceL per stage of 1.35 mH that is used in the perfor-
mance calculations. An estimate of the stray capacitance
across the spiral windings, at each stage of the transformer,
was obtained by isolating the top stage of the transformer
and measuring its self-resonant frequency. This was done by
connecting a signal generator to both ends of the outer con-
ductor of the cable that forms the top winding. From the
measured inductance of this winding and the self-resonant
frequency, it was possible to calculate a value for its stray
capacitance~C1! of 130 pF. The stray capacitance of the
remaining windings~C2 to C9! was estimated by multiplying
this value by the number of cables in a given winding and
adding to the resulting figure an additional estimated capaci-
tance to allow for stray capacitance between windings. The
total stray secondary capacitance across the output of the
transformerCt was then calculated as the series combination
of the stray capacitances of all nine windings, giving a value
of 70 pF. Reflecting both the total stage inductance and total
stray capacitance to the input circuit gives a very simple
circuit ~Fig. 5!, from which approximate values of both rise
time and fall time can be calculated and compared to the
experimental values. This analysis leads to the following ex-
pressions:

v0~ t !5V
5

Z15
expS 2

45Zt

L~Z15! D ~ fall time!, ~1!

v0~ t !5V
5

Z15 F12expS 2
~Z15!t

405ZC D G ~rise time!,

~2!

whereZ is the sum of the output impedance of the generator
and the value of the matching resistor~97V!, L is the aver-
age stage inductance, andCt is the total stray capacitance.
Using the values ofL andCt given above gives calculated
values for the 10 to 90% rise and fall times of 59 ns and 69
ms respectively. These times are in close agreement with the
observed values.

IV. FREQUENCY RESPONSE

As a further evaluation of the performance capabilities
of the transformer, the frequency dependence of the voltage
gain of the transformer was measured from very low fre-
quencies to 5 MHz. These measurements were again taken
under matched conditions~i.e., a sinusoidal signal generator
was matched to the input of the transformer with a series 47
V resistor and the output was connected to a 500V load! and
the results, which are normalized to a maximum gain of 10,
are shown in Fig. 6. The resulting frequency response curve
is quite similar to that which is obtained for conventional
transformers,9 with the exception that the frequency response
curve is shifted at both the low and high frequency cutoff
points to higher frequencies. As the frequency is increased,
the transformer reaches full gain at a frequency of approxi-
mately 1 kHz and it maintains full gain to a frequency of 300
kHz, at which point the gain starts to fall and is modulated
by what appears to be an oscillatory response characteristic.FIG. 5. Equivalent circuits of the output and input of the transformer.

FIG. 4. Input and output wave forms of the transformer at full operating
voltage.

2633Rev. Sci. Instrum., Vol. 67, No. 7, July 1996 Pulse transformer

Downloaded¬01¬Sep¬2004¬to¬130.75.103.225.¬Redistribution¬subject¬to¬AIP¬license¬or¬copyright,¬see¬http://rsi.aip.org/rsi/copyright.jsp



The shape of the gain versus frequency response curve
can be quite accurately accounted for using the simple
equivalent circuit of the output side of the transmission line
transformer and load given in Fig. 7. In this circuit the trans-
former is represented as a single 500V transmission line that
is terminated by a matched 500V load in parallel with the
total stray capacitance of the spiral windings and an induc-
tanceLt equal to the sum of the stage inductances as esti-
mated above. The effect of the dc resistance of the lines is
included in the circuit by adding a resistorRdc in series with
the input whose value~12V! is equal to ten times the mea-
sured dc resistance of the inner and outer conductors of an
individual, 110 m length, of line.

Starting from the standard matrix relationship10 that con-
nects the input (i ) and output (T) currents and voltages of a
length of transmission line with lengthl and propagation
constantg:

SVi

I i
D5S coshg l Z0 sinhg l

Z0
21 sinhg l coshg l D SVT

I T
D , ~3!

the voltage transfer function of the equivalent circuit of the
transformer and load as a function of complex frequency can
be derived. Referring to Fig. 7, the voltage transfer function
from the input of the line~to the right ofRdc! to the load is
given by

vo~s!

v i8~s!
5T8~s!5

Z~s!

Z0 sinhg l1Z~s!coshg l
, ~4!

whereZ(s) is the impedance of the parallel combination of
the total stray capacitance, the sum of the stage inductances,
and the resistance of the load. If the input current to the line
is i i(s), then the complete voltage transfer function from the
input of the transformer~to the left ofRdc! to the output is
given by

vo~s!

v i~s!
5T~s!5

1

@Rdci i~s!/vo~s!#1@1/T8~s!#
. ~5!

From Eq.~3!, the input currenti i(s) can be eliminated using
the derived relationship:

i i~s!

vo~s!
5
sinhg l

Z0
1
coshg l

Z~s!
. ~6!

Due to the skin effect, the propagation constant of the
cablesg will depend through the attenuation constanta and
phase constantb on frequency. The frequency dependence of
a was calculated11 from the physical dimensions of URM 67
cable to take the form:

a54.97131027Af m21,

where f is the frequency. A value for the phase constantb
was derived using the inductance and capacitance per metre
of the cable. The magnitude of the transfer functionuT( jv)u
@Eq. ~5!# was plotted from Eqs.~4!–~6! usingMATLAB 12 in
order to obtain a theoretical, normalized, frequency response
curve for the transformer~Fig. 6! based on the equivalent
circuit of Fig. 7. The curve shows a remarkably good agree-
ment to the experimental curve of Fig. 6, with the oscillatory
fall in response at high frequencies taking a very similar
form. Under closer examination, it is found that there is a
phase shift as well as sharper reduction in amplitude in the
oscillations in the experimental curve, although the overall
form and frequency of the oscillations is similar. The dis-
crepancies in both the phase and amplitude of the oscillations
are probably caused by neglecting both the effect of the stray
inductance in the output connections to the transformer and
the frequency dependance of permeability and loss of the
ferrite cores, used to build the transformer, in the model.
Examination of the voltage transfer function above reveals
that the oscillations are caused by the increasingly bad mis-
match, as the frequency is increased, between the output im-
pedance of the transformer and the load due to the decreasing
impedance presented by the parallel stray winding capaci-
tance. This mismatch results in reflections, at the load, whose
amplitude increases with frequency and leads to an apparent
oscillatory modulation of the frequency response curve.

V. DISCUSSION

The performance of the transformer as a pulse trans-
former exceeds anything that could be achieved for any con-
ventional magnetically cored device with similar voltage rat-
ing and gain or turns ratio that the authors are aware of. It is
also clear from the modeling discussed that both the rise time
performance and droop of this type of device could be fur-

FIG. 6. Calculated~solid line! and observed~broken line! frequency re-
sponse curves for the transformer. The maximum gain for both curves is
normalized.

FIG. 7. Equivalent circuit of the transformer for determining its frequency
response.
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ther enhanced. A reduction in the stray capacitance of the
cable windings would improve its bandwidth and rise time
and a further increase in inductance by increasing the num-
ber of cores or turns in the windings would improve the
droop. Perhaps the most important aspect of this work is the
frequency response characteristics of the transformer, which
indicates that this type of transformer should be capable of
development as a continuously excited power transformer
whose bandwidth capabilities, particularly at high frequen-
cies, will offer substantial improvements on the performance
capabilities of conventional transformers wound on magnetic
cores.
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