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Vector inversion generators, or spiral generators, are compact, high voltage pulse generators consisting of a pair of
conducting foils wound in a spiral and a switch. We developed an improved analytical model predicting the time
evolution of the output voltage of such spiral generators. Our model (i) takes into account that the current in the switch
results from the current on the active and passive waveguides and (ii) takes into account the losses of the conductor in
the equations describing the propagation of the voltage and current pulses in both waveguides. The model is compared
to experimental results involving different input switches and at different temperatures to investigate the influence of
resistive losses on the output voltage. The model is further developed to obtain the time evolution of the current in
the switch. Our model is then used to predict the amplitude of the first two peaks of the oscillatory response of spiral
generators as a function of a set of dimensionless parameters.

I. INTRODUCTION

The generation of short high voltage pulses (tens to hun-
dreds of kilovolts with a rise time ranging from nanoseconds
to microseconds) is of considerable interest for a range of
engineering applications including rock fracturing!, food
sterilization without alteration of the nutrition® or as trigger
generator for other devices, for example as input voltage
of X-ray tubes® or to improve the switching performance
of thyristors*. Several technologies are available to gen-
erate high voltage pulses, such as Marx generators’~’ or
Blumlein generators®~!!. For applications in which compact,
lightweight voltage generators are required, spiral generators
are strong candidates'>"!>. Spiral generators, also called Vec-
tor Inversion Generators (VIGs), are small devices allowing
to convert a DC input voltage 1 into a short voltage pulse of
amplitude much larger than uy. These generators consist of
a pair of conducting foils wound in a N-turn spiral of mean
diameter D and a switch. The pair of conducting foils forms
a capacitor that is charged initially at the DC input voltage
ug. The output pulse lasts a few tens of nanoseconds and is
triggered by short-circuiting the capacitor by means of the
switch causing a transient phenomenon to occur.

Fig. 1 illustrates the working principle of a spiral generator.
Once the capacitor formed by the active and the passive
conductors is fully charged at a voltage ug, the electric fields
of adjacent turns (schematically shown by the arrows in
Fig. 1) cancel out, resulting in a zero net output voltage
between the two ends of the active conductor. The outer
extremity of the active waveguide is then short-circuited by
the switch, causing an electromagnetic wave to propagate in
the active waveguide, consisting of both conductors separated
by the active dielectric. This wave reaches the extremity of
the waveguide located at the inner part of the spiral (open
circuit), which causes a reflection of the wave. When the
reflected wave comes back at the outer extremity of the active
waveguide, after a time T, all electric field directions are the
same and the voltage is, in theory, multiplied by 2N. After
reflection of the wave on the impedance of the switch, the
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FIG. 1. Schematic diagram of the vector inversion phenomenon of a
spiral generator.

wave is reflected again and the output voltage goes back to 0
att =2T.

Fig. 2 provides schematic time evolutions of the input and
output voltages. The theoretical time evolution of the output
voltage is a triangular waveform oscillating between 0 and
2Nuy with a period 2T. In practice however, the peak of
the output voltage u,,(f) is always below 2Nugy because of
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imperfections in the vector inversion process. More precisely,
the non zero inductance of the switch L; causes the input
voltage up to reach zero in a time that is a non negligible
fraction of T and the discharge of the passive waveguide
(the one formed by both conductors separated by the passive
dielectric) makes the process more complex than a simple
vector addition with half of the vectors (the ones in the passive
waveguide) remaining unchanged. The actual output voltage
waveforms exhibits an oscillatory behavior and the second
peak can sometimes exhibit higher voltages than the first
peak in absolute value'®. For this reason, two multiplication
efficiencies are introduced: B which is defined such that the
amplitude of the first peak of u,, (¢) is equal to 2N (B )up
and B_ which is defined such that the amplitude of the second
peak of u,, (t) is equal to —2N(B_ )uo.
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FIG. 2. Comparison of the input and output voltage waveforms of a
vector inversion generator : theoretical waveforms of an ideal gener-
ator and typical experimental waveforms.

Spiral generators were first introduced by Fitch and
Howell'>!3 in 1964. The authors explain the working princi-
ple of such generators but only provide a few approximated
equations allowing one to predict the time evolution of the
output voltage. In 1980, Riihl and Herziger'” were the first to
propose a transfer function linking u,,, to uy in the Laplace
domain. This model was later corrected by Bichenkov et al.'8
in 2007 and further developed by Pal’chikov ef al.'® in 2012.
None of these transfer functions include resistive losses. The
latter were mentioned by Fitch and Howell, who multiply
the output voltage by a corrective factor and also recently
by Yan et al.'® in 2021 who introduce a global resistance of
the spiral. In the present work, we use the works of Riihl,
Herziger and Bichenkov as a starting point for an improved
model that allows more precise predictions of the output
voltage.

Our model considers new boundary conditions at the
location of the switch and includes the local resistive losses
in the form of a resistance per unit length of the waveguides.

Contrary to the models proposed by Yan et al. and Pal’chikov
et al., we wish to obtain directly the analytical expression
of the transfer function in the Laplace domain rather than a
set of ordinary differential equations that are solved with a
numerical scheme.

We then use our new transfer function to predict the val-
ues of the multiplication efficiencies from the knowledge of
a set of dimensionless parameters involving the electrical and
geometric characteristics of the spiral generator. The model
described in this paper is also used to determine under which
conditions a VIG provides a second voltage peak with a better
multiplication efficiency than the first one, i.e. under which
conditions B_ > f..

II. THEORY

In this section we first provide a brief summary of the
published mathematical models which constitute the basis
of our work. Then we describe our model for the prediction

of the dimensionless multiplication coefficient 3(¢) = "2”1“\;55)).
For clarity purpose, the following explanations will only
contain the main steps to obtain the dimensionless Laplace
transform of the multiplication coefficient. Using numerical
methods to approximate inverse Laplace transforms, one can
then easily retrieve f3(z). In our case, we used the Stehfest
numerical method?’, available in the mpmath Python library.
The full mathematical developments can be found in the
appendices of this work.

A number of quantities need to be defined before consider-
ing the equations. First, a set of electric elements will repeat-
edly appear throughout the development, they are listed and
defined here below:

e C', L' and R’ respectively denote the capacitance, in-
ductance and resistance per unit length of the active and
passive waveguides, both waveguides are assumed to be
characterized by the same parameters. Note that adapt-
ing these quantities to account for different properties
of the two lines would only require a few extra steps in
the developments,

o Zp=1/ % is the lossless characteristic impedance of the
active and passive waveguides,
v . . .
o C= Cz’lf,D is the equivalent capacitance of the VIG dur-
ing discharge, i.e. the capacitance between the output
terminals,

e L=N2L,,,, is the inductance of the spiral formed by the
active conductor. Ly, is the inductance of a single turn
of the spiral. This assumes that all successive turns of
the spiral have a similar equivalent diameter. Typically,
L is in the order of tens to hundreds of microhenrys and
Ly, in the order of tens of nanohenrys.



AlIP
é/_ Publishing

Deepening the theoretical understanding of vector inversion generators 3

Second, different currents will appear in the equations lead-
ing to the transfer functions, they are listed below and are il-
lustrated schematically in Fig. 3:

e iy(x) and i,(x) are the waveguide currents flowing re-
spectively in the active and in the passive waveguides. x
refers to the curvilinear abscissa along the waveguides,
with x = 0 corresponding to the location of the switch
at the outer side of the spiral and x = x,,,,x = N7@D the
location of the load, at the inner extremity of the spiral.

e j.(x) and j,(x) are a set of so called "circulating” cur-
rent per unit length, able to flow across layers. j,(x)dx
is a circulating current reaching the location x of the
active conductor and j,(x)dx the circulating current
reaching location x of the passive conductor.

=

FIG. 3. Schematic representation of the currents appearing in a spiral
generator. The currents are shown on a portion dx located at the
curvilinear abscissa x of the spiral.

Finally, we define important dimensionless quantities
which already appeared in some the published models'”-'3:

° W)= \/%: ratio of the back and forth travel time of the

electromagnetic wave between both extremities of the
active waveguide and the period of the oscillations of
the equivalent LC circuit formed by the double spiral,

Ly .
b Tu:ZOXT'

switch connected to the active waveguide and the back
and forth travel time of the wave between both extrem-
ities of the active waveguide. "R" is here the character-
istic impedance of the active waveguide and "L" is here
the inductance of the switch L,

ratio of the "RL"-like time constant of the

ratio of the "RL"-like time constant of
the switch in series with the outer turn of the active con-
ductor connected to the passive waveguide and the back
and forth travel time of the wave between both extremi-
ties of the active waveguide. "R" is here the characteris-
tic impedance of the passive waveguide and "L" is here
the inductance of the switch in series with the induc-
tance of the outer turn of the active conductor L,,.,. It
is shown in Appendix B that 7, is related to the previous

two parameters by the relation: 7, = 7, + ﬁ,
0

— L5+L0uter.
* = TZT -

°T= %: dimensionless parameter allowing to consider a

load of Laplace impedance Z connected at the output of
the generator. When no load is connected at the output
terminals of the VIG, 7 = 0.

A. Understanding the model proposed by Riihl and Herziger

While Fitch and Howell'? are the founders of spiral
generators, Riihl and Herziger'” were the first to propose a
mathematical model allowing to predict the time evolution
of the multiplication efficiency B(z). Despite containing
some typos and lacking explanations about how to obtain
the equations presented in their mathematical development,
the physical framework proposed in the article is eminently
sensible. For this reason, the Riihl and Herziger model was
chosen to be the starting point of the model we propose in our
work. We review below the physics proposed in their paper.
Appendix A contains the entire mathematical development.

The model proposed by Riihl and Herziger consists of a
magnetic approach of the spiral generator. Their model is
obtained by considering the active conductor as an inductor
of N turns embracing the magnetic flux generated by all the
currents flowing in loops inside the double spiral. Using
Faraday’s law of induction, the authors could link this
magnetic flux to the output voltage of the generator. There are
three contributions to this magnetic flux: j,(x) the leakage
current per unit length flowing from one turn of the active
conductor to an adjacent turn of the same conductor, j,(x)
which corresponds to j,(x) for the passive conductor and i;,
the current flowing through the load Z connected between the
ends of the active conductor.

Using the superposition theorem and the telegrapher’s
equations for the electromagnetic wave propagation in the
waveguides, they were able to obtain a dimensionless transfer
function B;(p) (Eq. A11) which we will refer to as Model 1
throughout the paper.

B. Limitation of the model proposed by Riihl and Herziger

A non-negligible approximation in the development
of Rithl and Herziger lies in the boundary conditions.
It is assumed in their model that there is no cur-
rent flowing at any end of the passive waveguide, i.e.
I,(x = 0,5) = I,(X = Xmax,s) = 0. Within this assumption,
there are no waveguide currents at any location of the passive
waveguide, i.e. I,(x,s) =0 and the current flowing through
the switch results from the waveguide currents flowing in the
active waveguide only: Iy = I,(x = 0).

In reality, the terminology ’passive waveguide’ is mislead-
ing since there are non-zero waveguide currents in this waveg-
uide. The reason is the following: when the active line
is short-circuited by the switch, the passive line gets short-
circuited as well via the switch in series with the outer turn
of the active conductor, as shown schematically in Fig. 4.
This point was already noticed by Bichenkov et al.'® in their
mathematical developments. Using an electrostatic approach
rather than a magnetic approach, Bichenkov et al. found a
transfer function consistent with that of Riihl and Herziger but
improved it with a set of boundary conditions that considers
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a wave propagating in the passive waveguide. This transfer
function B;(p) (Eq. B15) will later be referred to as Model 2.
In the limit 7, — +oo, i.e. when the passive waveguide as
an infinite rise time, B(p) becomes similar to B;(p) and one
recovers Model 1.

L(Illl er

FIG. 4. Schematic representation of the currents appearing in the
switch, according to Kirchhoff’s current law.

C. Extension of the model

In the present work, we propose an improved version of the
models mentioned above. The improvement lies in two points
regarding (i) the current in the switch and (ii) the losses of the
conductor.

1. Boundary conditions at the location of the switch

We first consider the current in the switch. Even if
Bichenkov et al. considered a wave propagating in the pas-
sive line, the interactions between /, and /,, in the switch were
neglected. This approximation is valid when § = % << 1,

i.e. when the passive line is much slower than the active line,
but introduces an error when the switch exhibits imperfec-
tions. We determine here below the transfer function B3(p)
taking into account the interaction between both waveguide
currents. We follow an approach similar to that followed by
Riihl and Herziger but we consider a wave propagating in the
passive line and with the complete expression of the switch
current I;(s) obtained with Kirchhoff’s current law at the
location of the switch, as illustrated in Fig. 4.

As for the previous models, the entire mathematical devel-
opment are given in Appendix B. The updated Laplace equa-
tion of the output voltage U, is:

—s[li(x=0,5)+1,(x=0,s)]

Uyt (s) =
out() ZNC(SZ+%S+i)

; ey

where the currents appearing in the numerator are obtained
using the following boundary conditions:

Usx=0,5) = =0 —sL(s),
Up(x=0,s) =0 —sLI(s) — sLouterl,(x = 0,35),
I(s) = L(x=0,5)—1,(x=0,s).

2
The main differences with respect to the Bichenkov can be
seen in the above equations: at the start of the waveguides
(x = 0) the voltage U, across the active waveguide also de-
pends on the current in the passive waveguide (/,,, through the
current in the switch Iy), and the voltage U, across the passive
waveguide also depends on the current in the active waveg-
uide (I,, through the current in the switch ). This interaction
between the electric parameters of the two waveguides was
neglected in the approaches used up to now. Remarkably, it
yields the following dimensionless transfer function that can
be calculated analytically, at the expense of heavier develop-
ments that are described in Appendix B:

_ —pF(p)
B = o e (mra) O
with:
__A(p)—P(p)
) = AP () @
_ A(p)+P(p)+2p*TA(p)P(p)
AL
Ap) = [pcoth (%) +pzfa} o ; (6)
P(p) = [pcoth (g) +p2fcp} o %)

Considering the above equations with the limit 7, — 0
(when the switch exhibits and ideal behavior), one obtains
F(p) =A(p) — P(p) and G(p) = A(p) + P(p), which corre-
sponds to the transfer function of Model 2.

2. Resistive losses

Next we consider the losses. Another common assumption
in the published models is to neglect resistive losses in the
conductors as well as in the switch. Our model is suited to
take easily both resistive losses (conductor of the spiral and
switch) into account in the equations describing the physics
of the generator. In view of maximizing the amplitude of
the peaks of the output voltage u,, (), it is important to
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optimize B and B_ but also to increase the number of turns
as Upy (1) o< 2NB(t). Yet, as the number of turns increases,
the waveguides are longer and the damping of the waves
while travelling the waveguides also increases, causing f3(¢)
to decrease in absolute value. Therefore, the impact of the
losses on the output voltage becomes particularly relevant
when the number of turns increases.

When considering the losses, a question arises related to the
value of R’, the resistance per unit length of the conductors
in the active and passive waveguides. To consider the skin
depth 6 over which the current flows inside the conductors,
one must define an equivalent working frequency of the spiral
generators. The oscillations of the transient time evolution of
the output voltage being close to 4T (cf. schematic waveforms
shown in Fig. 2), one can define an approximated equivalent
frequency foq = ﬁ. This frequency makes it possible to

estimate 6 = (o7 feq,u)_%, with ¢ the magnetic permeability
of the waveguides and o the conductivity of the conductors.
One can derive the losses per unit length in the conductors:
R' =2(o8w) " if the skin depth is smaller than the thickness
of the conductor #,y,q or R' =2 (Gtwndw)fl otherwise, where
w is the height of the conductors. The factor 2 comes from
the fact that the waveguides consists of 2 conductors.

One can then update the telegrapher’s equations to account
for R’ and update the boundary conditions at x = 0 by re-
placing sL; by Z; = sLy + R and sLyyser bY Zouter = SLouter +
%R' TDoyter, With Dyyer the outer diameter of the active con-
ductor and the % factor coming from the fact that the outer turn
consists of only one conductor. It is then possible to obtain an
updated dimensionless transfer function B(p) of the multipli-
cation coefficient. The entire development is provided in Ap-
pendix B. At certain stages of the mathematical development,
the following dimensionless parameters appear:

e py= RL,T. the dimensionless quality factor of the con-
ductors,
e p,= Rz, : the ratio of the resistance of the switch and

(a4
the lossless characteristic impedance of the waveguides,

Rs +Ruurer

°p,= : the ratio of the resistance of the switch
C/

in series with the outer turn of the active conductor and
the lossless characteristic impedance of the waveguides.

Note that p, and p,, are small quantities that can usually be
neglected, which is not true for pg as will be shown later in
the article.

Taking the losses into account yields the following updated
transfer function B(p):

—pF(p)
P2+ (1-G(p)) (tp+ )’

with the tilde values being updates of the previous quantities

Bs(p) =

®)

with additional terms accounting for resistive losses:

A(p) —P(p)

F(p) = - 9
) = i 2 wpe PP AP <> ®
« A(>+ﬁ<)+2<p2ra+pp)ﬁ P
_ i 1
o) 1— (p*12 +2p*Tupa + p*pa) A(p ) 4o
-1
A(p)[m/ pOcoth( 1 p> Ta+ppa} :
p p
(1)
-1
P(p):[p,/ pocoth( 1+[;0>+p rp+ppp] .
(12)

This final model will be called Model 3 throughout the rest
of the article. In can be readily seen that in the limit 7, — O,
pPa —+ 0,p, — Oand pg — 0, one recovers the transfer func-
tion of Model 2. Although these final relations appear very
complicated, it will be shown in the results that these addi-
tional terms reflect some real practical phenomena and allow
to obtain a better agreement with experimental measurements.

D. Switch current

As I,(x = 0,s) and I,(x = 0,s) are quantities that appear
naturally in the mathematical developments leading to the
transfer functions of the output voltage and as Iy = I,(x =
0,s) —I,(x = 0,s), it is possible to obtain directly the ana-
lytical expression of the switch current in the Laplace domain
with a few extra lines of algebra. Appendix C contains the
mathematical developments as well as the final expressions of
the switch current and of the contribution of each waveguide
current to the current in the switch.

1. EXPERIMENT

In order to validate the proposed model and compare it to
other published models, we measured the time evolution of
the output voltage of the spiral generator shown in Fig. 5.
Between the copper foils used as conductors, a single sheet
of KaptonTM is used as dielectric layer. The characteristics of
this generator are provided in Table I.

TABLE I. Characteristics of the vector inversion generator used dur-
ing the experimental measurements.

Characteristic Symbol Value
Number of turns N 40
Mean diameter D 70 mm
Height w 25.4 mm
Conductor thickness teond 40 um
Dielectric thickness Liiel 50 um
Relative permittivity & 34
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Mean diameter: D = 70 mm

FIG. 5. Picture of the vector inversion generator used during the
experimental measurements.

A way to assess the influence of the losses of the conduc-
tors on the output voltage while keeping other parameters
almost unchanged, is to carry a similar set of experiments
at a different temperature. It was therefore decided to
perform the experiments at room temperature (300 K) and
in a liquid nitrogen reservoir (77 K). As the coefficient of
thermal expansion of copper is about 16.4 um/(m K) and
the coefficient of thermal expansion of the KaptonTM sheet
we used is 20 pum/(mK), it corresponds to a change in
thickness of 0.15 pum for the copper film and 0.23 pum for

the KaptonTM film. This validates the hypothesis that the
geometric parameters are almost unchanged when cooling
down to cryogenic temperatures>-?2. For safety reasons in the
cryogenic set-up, all experiments were performed with a low
input voltage of -10 V. As the output voltage never exceeded
350 V, the waveforms were measured with a 10:1 voltage
probe of capacitance Cp.p. = 16 pF. This capacitance was

. . . . C robe
considered in the models by assigning T = % = p”T”. In

order to not place the voltage probe inside the liquid nitrogen
reservoir, the voltage measurement was shifted about 70 mm
away away from the extremities of the spiral generator. It
was verified experimentally that these extra wires connected
at the extremity of the spiral generator have no significant
effect on the measured data (i.e. <2% relative difference
for the amplitude of the first peak of u,, () and <3.5%
relative difference for the amplitude of the second peak).
We also used our analytical model to assess the influence
of the wire length on u,, () (by changing the expression of
the dimensionless parameter 7 to consider a LC-series load)
and it showed no difference at all in the predicted output
voltage curves caused by the inductance of 70-mm-long wires.

In order to investigate the effect of 7, on (¢) predicted by
each model, three bespoke, low voltage mechanical switches
with different inductances L; were created. The first switch
(hereafter called 'SW-A’) consists of a 1.5 mm diameter
Cu-wire (3 mm with the sheath). One extremity of this wire
was soldered to the active conductor of the spiral generator
while the other side of this wire was brought mechanically in
contact of the passive conductor by means of a small PTFE
rod. The resulting switch inductance is approximated to

TABLE II. Summary of the dimensionless parameters corresponding
to the VIG configurations that were tested experimentally.

Parameter Switch SW-A  Switch SW-B  Switch SW-C
T, 0.55 1.21 3.62
[0} 1.41 1.41 1.41
Tp 2.55 3.21 5.63
¢ = %‘ 0.22 0.38 0.64
po (300 K - 77 K) 1.51-0.47 1.51-0.47 1.51-0.47
Pa,Pp ~0 ~0 ~0

that of a single circular loop>® with a diameter of 15 mm,
resulting to an estimated switch inductance L; of 25 nH. In
order to artificially increase the value of the inductance of
the switch, two other switches were created by placing an
additional coil of diameter 15 mm in series with the wire.
The second switch (hereafter called ’SW-B’) was created by
placing a single-turn coil in series with the wire and the third
switch (hereafter called ’SW-C’) with a three-turn coil. Using
Rayleigh and Niven’s formula®*, SW-B has an estimated
inductance of 55 nH and SW-C an estimated inductance of
165 nH. The resulting experimental setup is shown in Fig. 6.

The behavior of the spiral generator was measured at room
temperature or when immersed in liquid nitrogen, with the
three switches mentioned before. The change in conductivity
ocy of the copper conductors before and after being immersed
in the liquid nitrogen was measured experimentally before-
hand by means of a Four-Wire Kelvin measurement. At room
temperature, oc, = 5.96 - 10’ S/m leading to a estimated
skin depth 6 = 44 um which is larger than the thickness of
the conductive foil. At cryogenic temperature, we measured
that the conductivity was increased by a factor 8.5. The new
estimated skin depth is about 15 pm meaning that this time,
the skin effect does affect the resistance of the conductors of
the spiral generator. Therefore, one should note that the ratio
of the loss parameters before and after being cooled down to
77 K is not proportional to the ratio of the conductivities as
the skin effect limits the resistance only in one case.

With the experimental setup presented in the previous sec-
tion, it was possible to test our spiral generator with three dif-
ferent values of 7, (1, = 0.55,7, = 1.21 and 7, = 3.62) and
two values of py (pp = 1.51 and pg = 0.47). Table II provides
a summary of all the dimensionless parameters corresponding
to the configurations that we tested experimentally.

IV. RESULTS
A. Validation of the proposed model

In order to validate the model we propose in this work,
we compared the predictions of B(z) = "2";\’,’5([)) provided by
the three models to experimental measurements. Let us
recall here that due to their value in the range 25-165 nH,

the switch inductances L; could not be measured precisely
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FIG. 6. Picture of the experimental setup used to measure the time evolution of the output voltage. The PTFE rod is used to bring the second
extremity of the coil in contact with the passive conductor, shorting the input of the generator with an inductance given by the blue coil.

but rather estimated using formulas from the literature, as
described in Sect. III. The resulting Ly values are therefore
predicted within a given uncertainty of ~ 10%. As a result,
it is of interest to compute the predictions of the models by
changing L, in a range of 10% around the estimated values.
The results are shown in Fig. 7, comparing the . and f_
values provided by each model in the range [0.9Ly; 1.1L,] to
the B, and B_ values obtained experimentally. Additionally,
Fig. 8 shows the comparison between models and experi-
mental measurements of the time evolution of B(¢) for the
three values of Lg, at both room temperature and cryogenic
temperatures. One can directly observe in Figures 7 and 8
that the predictions provided by Model 1 and Model 2 (green
and blue curves) are the same for room temperature and
cryogenic temperature as the only parameters that changes is
Po, the parameter that asses the losses, which only appears
in Model 3. Table III contains quantitative data about the
different experimental scenarios. More precisely, it contains
the relative differences between the predictions of the models
and the experimental measurements at room temperature and
at cryogenic temperature. These differences were computed
for the amplitudes of B and B_ but also for the time at which
these values are observed.

We first consider the experimental data obtained with
SW-A. One can notice that, for the first peak, Model 2 and
Model 3 are in close agreement with experimental data, both
for timing and amplitude. Model 1, on the contrary, predicts
values of B, that are much larger than the experimental
measurements. Quantitatively, Model 1 overestimates [,
by more than 100%. Regarding the second peak, the first
negative one, the predictions of Model 1 are again much
larger than the experimental measurements, which validates
the negative impact of the discharge of the passive waveguide
on the output voltage generated by spiral generators. Model 2
begins to diverge from the experimental measurements,
which is not the case for Model 3. The difference between
the measurements of B_ and the values of B_ predicted by
Model 2 are different at room temperature and at cryogenic
temperature. This emphasizes the importance of considering

TABLE III. Relative difference of the multiplication efficiencies 3
and B_ as well as the timing at which they occur between experimen-
tal measurements and predictions of the model at cryogenic temper-

. model—experimental
ature. Values are computed as follows: ~—experimental - The first

value corresponds to the amplitude of 8 and the value between paren-
theses corresponds to the timing.

Room temperature

Model 1 Model 2 Model 3
SW-A 115% (10%) 34% (1%) 13% (-7%)
B+ SW-B 92% (20%) -5% (7%) -5% (-2%)
SW-C 92% (30%) -42% (20%) -15% (-1%)
SW-A 66% (11%) 46% (1%) -4% (-1%)
B- SW-B 126% (14%) 53% (7%) 3% (-5%)
SW-C 150% (24%) 11% (20%) -11% (-4%)
Cryogenic temperature
Model 1 Model 2 Model 3
SW-A 59% (18%) 0% (8%) 0% (6%)
B+ SW-B 73% (20%) -14% (7%) 0% (0%)
SW-C 74% (41%) -47% (30%) -9% (4%)
SW-A 50% (15%) 32% (7%) 8% (6%)
B- SW-B 73% (17%) 17% (7%) -5% (-1%)
SW-C 87% (29%) -16% (21%) -33% (-2%)

resistive losses when modelling spiral generators, as they
cause damping over time. Quantitatively, with SW-A, the
experimental measurement of 3, goes from 0.25 to 0.31 and
the experimental measurement of B_ goes from 0.44 to 0.50
when py is reduced from 1.51 (at 300K) to 0.47 (at 77K). This
result shows that resistive losses have a non-negligible impact
on the multiplication efficiencies and cannot be neglected.

As far as SW-B is concerned, similar conclusions can be
taken as with SW-A: Model 1 overestimates B, and fS_,
Model 2 provides a good estimations of 3, but overestimates
B_ and Model 3 is in close agreement with the experimental
data for both peaks of B(¢). The main difference between
both experiments is that the additional coil in series with the
switch causes a decreases in the absolute value of 3(¢).
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Model 1 —— Model 2 —— Model 3 —— Experimental
0 (a) B, at room temperature 80 (b) 3, at cryogenic temperature
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FIG. 7. Summary of all the B and B_ values for all the configu-
rations that were tested experimentally. As Lg; was estimated with a
given uncertainty, the values provided by each model are computed
with each model in an interval Ly +=0.1L.

When looking at the waveforms obtained with SW-C, one
can first see that the experimental values of B and _ are
lower compared to those obtained with SW-B. Quantitatively,
between SW-A and SW-C, the experimental values of .
went from 23% to 10% and the experimental values of f_
from 45% to 9%. This result confirms the well-established
fact® that 7, should be as low as possible to increase the
multiplication efficiencies, i.e. that the inductance of the
switch should be as low as possible. As before, the curves
obtained with Model 3 provide better estimations of (¢) than
the curves obtained with Model 1 and Model 2. The error
on B and B_ introduced by Model 2 is smaller with SW-C,
but one can observe that the blue curves are now time shifted
compared to the experimental waveforms. The predicted
peaks of u,,, (1) given by Model 2 take place slower than what
is observed experimentally. In fact, the relative time differ-
ence between the experimental peaks and the predictions of
the Model 2 can go up to 30%. This shows that neglecting
the interaction between i, and i, in the switch has indeed
an influence on B(¢), not only on the amplitude but also on
the timings. This time delay appearing when 7, increases is
consistent with the mathematical models, as it was observed
that, when neglecting losses, Model 2 and Model 3 are similar
when 7, — 0, when the switch is ideal. This observation
also confirms the statement of Bichenkov er al'® stating that
the interaction of waveguide currents is negligible when
T, € T, & { < 1, meaning that either the switch is ideal
or the inductance of the outer turn of the spiral generator
Loyter 1s much larger than the inductance of the switch L.
As a matter of fact, this time shift between experimental
data and Model 2 appears for { = 0.64 (SW-C) but was al-

most insignificant for { = 0.22 (SW-A) and { = 0.38 (SW-B).

Even though the model described in this work (Model 3)
fits the experimental curves closely for the two first peaks of
Uou (1), it does not perfectly match the time evolution of the
experimental results over a longer period of time. This can
be observed in Fig. 9 showing the time evolution of (z) with
SW-B at room temperature, but over a time window of about
2.5 us (against 0.7 us in Fig. 8). One can see that the B(¢)
curve predicted by Model 3 shows a similar oscillatory be-
havior as the experimental curve, but the period of these os-
cillations is higher on the prediction of Model 3 than in the
experimental curve. One plausible explanation lies in the way
the skin depth 0 is computed in our model. § is obtained by
computing an equivalent frequency f,, = ﬁ which is an ap-
proximation as the waveforms is not a perfect sine and as the
period of the oscillations is not exactly equal to 47'.

B. Deeper comparison between Model 2 and Model 3
1. Switch current

To obtain a deeper comparison between our updated model
(Model 3) and the model proposed by Bichenkov et al.
(Model 2) that does not consider losses nor current interaction
near the switch, we can first compare what happens at the
location of the switch. Model 1 is not considered anymore at
this stage of the article as the experimental results showed that
the assumptions that lead to Model 1 caused a too significant
difference between predictions and experimental measure-
ments. Fig. 10 shows curves of i,(x = 0,¢), i,(x = 0,7) and
is(t) = is(x = 0,t) —i,(x = 0,1), predicted with Model 2,
Model 3 with pp = 0 (to only investigate the effect of our
new boundary conditions) and Model 3 with py # 0 (to
also investigate the fact that we consider resistive losses).
Note that for the computation of the switch current shown
in Fig. 10, we do not consider the presence of a voltage
probe (t = 0). The figure also contains u,,(¢) prediction
waveforms given by Model 3. Model 3 was chosen rather
than experimental measurements for the u,,, (¢) curves since
the condition 7 = 0 can be inserted readily in the model. This
is in contrast with experimental measurements for which the
delay caused by the finite capacitance of the probe always
affects the voltage curves.

Figures 10a to 10d show the curves for SW-A (correspond-
ing to the smallest switch inductance tested experimentally).
It can first be seen that the behavior of the switch current over
time shows similar oscillations with each model. The main
difference being that the envelopes of the curves decrease
a first time when considering current interaction near the
switch and further decrease because of damping when py is
considered non zero. This means that Model 2, in addition
to overestimating the output voltage, also overestimates the
current in the switch. One can also notice the presence of a
small difference in the period of the oscillations of the curves
obtained with Model 2 and the curves obtained with Model 3
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(b) SW-A - cryogenic temperature
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—— Model 2
—— Model 3

Experimental

\%

100 200 300 100 500 600
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(d) SW-B - cryogenic temperature
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FIG. 8. Comparison of the time evolution of the voltage multiplication efficiency () measured experimentally and predicted by the models
for different values of inductances placed in series with the mechanical switch and at different temperatures.

Model 1
—— Model 2
—— Model 3
—— Experimental

0 500 1000
Time [ns]

1500 2000

FIG. 9. Evolution of 3(r) with switch SW-B at room temperature for
a long period of time.

(with or without considering losses). On the contrary, the
period of the oscillations predicted by Model 3 without losses
and Model 3 with losses are almost the same.

Figures 10e to 10h show a similar set of curves for SW-C
(i.e. the largest switch inductance tested experimentally). One
can see in FigurelOg that the switch current is(¢) predicted
by Model 2 and the associated contribution of the active
waveguide i,(x = 0,7), shown in Fig. 10e, have a period of
oscillations that exceeds the time window of the graph. On
the contrary, when looking at the same curves but predicted
by Model 3, one can see more than an entire oscillation of
iq(x = 0,¢) over the considered time window. This shows
that for higher values of L;, the estimated switch currents
obtained with Model 2 and Model 3 show a major qualitative
difference in addition to the difference in amplitude.
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FIG. 10. Comparison of the switch current is(¢) (and its two contributions from the active and passive waveguides) obtained with Model 2
and Model 3 (with and without losses) compared to the predicted output voltage given by Model 3. The curves are obtained considering that
there is no load connected at the output of the spiral generator (7 = 0). (a) i, (r) with switch SW-A, (b) i,,(¢) with switch SW-A, (c) i(t) with
switch SW-A, (d) predicted u,,, () with switch SW-A, (e) i, (t) with switch SW-C, (f) i,,(¢) with switch SW-C, (g) is() with switch SW-C, (h)

predicted uy (¢) with switch SW-C.

Fig. 10 allows to provide some explanations to the out-
put voltages plotted in Fig. 8. We first saw that the main
difference in the B(¢) predictions between Model 2 and
Model 3 when { increases (when the inductance Lgyer
decreases for a fixed value of L) is a time shift in the u,, (¢)
curves. This might come from the fact that when neglecting
the interactions between the currents inside the switch, the
dynamics of i,(¢) become slower. Everything happens thus as
if the switch had a higher inductance. This virtual increase in
L, could be the reason why the blue (¢) curves (Model 2) in
Fig. 8e and 8g show some delay compared to the experimental
measurements and no longer predict higher 8 and B_ values
than the red curves (Model 3). Fig. 10 makes it also possible
to validate the fact that the differences in the predictions of

the values of B and B_ come from the damping caused by
resistive losses which is not considered in Model 2.

2. Maps of B and B_ as a function of the dimensionless
parameters

To further deepen the comparison between Model 2 and
Model 3, we also computed the value of B, and B_ for
values of 7, and wy ranging from 0.1 to 3. Values lower
than 0.1 were not computed to avoid divisions by zero. This
is not a problem as it is unlikely to reach such low values
with experimental configurations anyway. Similarly, values
above 3 were not computed as the corresponding multipli-
cation efficiencies are not high enough for an acceptable
multiplication efficiency (as observed with the experimental
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data obtained with SW-C). Such (@wp — 7,) maps of B+ and B_
were computed for Model 2 and for Model 3 with different
loss parameters py =0, pp = 0.5, pp =1, pp = 1.5 and py =2
(parameters affecting this loss parameters mainly are the
length of the spiral, dictated by the number of turns N and the
mean diameter D as well as the conductivity of the conductor
material). The results are shown in Figures 11 for B, and
in Fig. 12 for B_. These two figures also contain several
dots which are the estimated values of B, and B_ predicted
by the models for configurations of VIGs presented in the
literature'31926.27 " The maps also contain stars representing
the estimated values of B, and B_ predicted by the models
for the configurations tested in our lab to validate our model.

In addition, the figure contains isocurves of { = z—“ =7 [L“ T
4 outer s

giving some information about the value of 7.

A general observation one can make in these two figures is
that, both for 8, and _, the maps gets closer to cold colors as
po increases, meaning that both multiplication efficiencies de-
crease as po increases. This validates the importance of con-
sidering the losses in a mathematical model and the negative
influence of the damping of the wave on the multiplication
process.

(o0 — t,) maps of By

First, we discuss the (@ — 7,) map of 8, shown in Fig. 11.
To only compare the influence of the different boundary
conditions that were used to obtain the models, one should
compare the map obtained using Model 2 and Model 3 with
po = 0. There is almost no difference between the predictions
provided by the models; the only noticeable difference is that
Model 3 provides estimated values of B, that are slightly
smaller than those given by Model 2 in the right part of the
maps, i.e. for large values of 7,. Again, this makes sense
as both models are the same when 7, — 0. One can also
see that all the maps related to B, show that for a given
value of 7,, { should be as low as possible to increase f3.
This observation validates the fact that the discharge of the
passive waveguide decreases the multiplication efficiency and
therefore that 7, should be maximised to delay the discharge
of the passive waveguide by having an inductance L.,
such that Lyer + Ls >> Loyrer- The later can practically be
obtained by increasing the mean diameter of the spiral or by
adding a magnetic material.

When there are no losses, the maps obtained with both
models predict that 3 is maximised in the lower left corner of
the map. This means that 7, should be minimised as well, so
that the input voltage reaches 0 volts much faster than the back
and forth travel time of the wave. When pgy # 0, Model 3 pre-
dicts a different behavior: @y should still be as low as possible
for a given 7,, but 7, must not necessary be minimised to max-
imise . More precisely, below @y ~ 1, some regions appear
where increasing 7, can lead to larger values of 3 for a given
value of @y. This can probably be explained by the presence
of a trade-off between the damping of the waves during their

travel time and the decrease of ;. caused by the time required
to have the input voltage reaching 0 volts. Even though these
observations are of interest to understand the physics of spiral
generators, one can also observe that all the dots and stars rep-
resenting actual VIG configurations investigated experimen-
tally are characterised by @y values above = 1, meaning that
for these configurations, 7, should in fact be minimised.

(w0 — 7,) maps of B_

Second, we can compare the (wy — 7,) maps of Fig. 12 of
the predictions of B_. This time, the difference between both
models is already noticeable for 7, = 0.1. The estimated value
of B_ obtained with Model 2 are higher in the entire map, as
evidenced by a warmer set of colors in the entire (@) — T,)
plane. One can also notice that the maps of B_ are split in
three regions. On the bottom left region of these maps, B_ is
close to zero. This region corresponds to the locations where
B is maximised and defines the set of parameters where the
VIG almost works in the optimal conditions, i.e. when the
output waveforms resembles the schematic ones shown in
Fig. 2. This means that the output voltage waveform u,,, (¢)
is almost triangular, i.e. with small values of f_. Then, as
¢ increases, the output voltage is no longer triangular and
B- increases as the second peak of u,, () is no longer close
to zero. Finally, as @y and 7, further increase, we reach the
top right corner where the VIG produces low multiplication
efficiencies, as was observed for S .

Still about the B_ maps, one can see that starting from
po =1, B— > 0 in the lower left corner of the maps. One only
reaches B_ = 0 near @y ~ 1, ~ 0.3. This lower left corner
can actually be split into three regions, those regions are
illustrated in the map pg = 1. In region (i), the first minimum
of upu(t) is actually positive, meaning that B_ is negative.
The amplitude of the first minimum of u,, (7) gets closer and
closer to zero until reaching zero in region (ii). Then, as {
keeps increasing, we enter region (iii) where B_ becomes
positive, meaning that the second peak of u,,(f) is indeed
negative. This means that the strange color behavior near the
wy = T, = 0.1 corner of the maps is actually due to the fact
that we plot the absolute values of f_ while in reality, B_
changes signs in the region where the output voltage is almost
triangular.

Finally, there is one last odd behavior in the map with
po = 2, corresponding the red dashed ellipse near @y = 0.5
and 7, = 0.1. B_ suddenly reaches values much higher than
in the neighboring zone of the map, causing a discontinuity
in the map. When looking at predicted u,,, (f) curves in that
region, the second and third peak of u,,(¢) actually merge,
causing the output voltage to remain almost constant with a
slightly negative slope rather than reaching a minimum. This
causes our algorithm to return the value of the next negative
peak of u,,, (¢), which would correspond to the fourth peak of
Uoy (¢) in a traditional u,,, () curve. In other words, the value
that is returned by our algorithm is not B_ as we define it in
the schematic waveforms of Fig. 2. Again, this is not of major
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FIG. 11. Comparison of the (@y — 7,) maps of the value of the multiplication efficiency B related to the amplitude of the first peak of ()
between Bichenkov’s model and our model for several values of the loss parameter py. Dots represent spiral generators configurations found
in the literature and stars represent VIG made in our lab for the experimental validation of our model. Black symbols represent the location of
each configuration when neglecting resistive losses, i.e. if pg = 0.
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FIG. 13. Comparison of the multiplication efficiencies of the first and second peak of the output voltage. The blue regions of the (@ — 7,)
maps corresponds to VIGs configurations for which the absolute value of the amplitude of the second peak of u, (¢) is higher than for the first
peak, i.e. for which B_ > B,. Dots represents spiral generators configurations found in the literature and stars represents VIG configurations
made in our lab for the experimental validation of our model. Black symbols represent the location of each configuration when neglecting
resistive losses, i.e. if pg = 0.
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importance as it corresponds to regions of the (@y — 7,) maps
that are unlikely to be obtained in practice.

Comparison of the maps of B and [3_

Fig. 13 shows a comparison of values of B, and B_. The
blue region is the region where the second peak of u,,, () of-
fers higher multiplication efficiencies than the first peak. This
region is almost independent of py but strongly depends on the
model that is used for the prediction. With Model 2, the re-
gion where B_ > B is significantly larger than with Model 3.
This result is in agreement with the conclusions taken from
the B, and B_ maps discussed earlier as it was observed that
Model 2 predicts higher values of _ than Model 3 but almost
similar values of ;. It can also be seen in Fig. 13 that most
dots and stars are located in the blue region. This gives evi-
dence that most existing configurations of VIGs are actually
located in the region where the second peak gives a higher
multiplication efficiency than the first one.

V. CONCLUSION

In this paper, we provided a new dimensionless transfer
function allowing to predict the analytical expression, in the
Laplace domain, of the output voltage of a vector inversion
generator. This model was obtained using the framework
proposed Riihl and Herziger!” in 1980 and by inserting in this
framework the corrections proposed by Bichenkov et al.'®
in 2007 and adding two additional features: the crosstalk
between i, and i, in the switch, and more importantly,
resistive losses as suggested by Yan er al.'®, introducing a
new dimensionless parameter po.

We validated our model by comparing the predictions of

B) = “2"1‘{,—‘,53) given by our model with experimental measure-
ments and with the predictions provided by other existing
transfer functions'”!®.  The set of experiments allowed
to evaluate the effect of the switch inductance by adding
coils with different number of turns in series with a perfect
mechanical switch. It also allowed to assess the impact of
resistive losses by performing the experiments at different
temperatures, i.e. by changing the value of the conductivity
of the conductors. Results showed that our new transfer
function allows better predictions of u,, (¢), both in terms
of amplitude and timings, compared to formerly published
transfer functions!”'®. We also showed that the difference
in amplitude mainly results from the assumption that there
are no resistive losses in the other transfer functions and that
the difference in timings is a consequence of neglecting the
interactions between both currents near the switch.

Using numerical Laplace transforms, one can use our B(p)
transfer function (Egs. 8 to 12) to estimate time evolutions of
B(¢). The transfer function we propose contains the following
dimensionless parameters, listed by order of importance:

1. Essential parameters: the following parameters are
sufficient to obtain u,, (¢) prediction curves:

o7, = L represents the rise time of the active
ZoT

waveguide. It should be as low as possible, mean-
ing that the inductance of the switch Ly should be
minimized.

ey = \/% represents the LC behavior of the spi-

ral generator. This parameter should also be min-
imized, meaning that the resonance frequency of
the spiral itself should be above the equivalent fre-
quency of the voltage multiplication phenomenon.
This criterion can be fulfilled by increasing the
mean diameter of by inserting a magnetic mate-
rial, increasing the value of L without affecting
other parameters.

e po= RL/—,T represents the resistive losses of the con-
ductors. This parameter must also be minimized.
Increasing the number of turns N results in a de-
crease of the absolute value of (¢). In the expres-
sion uyy (1) = 2NB (¢ )uo, upy (t) does not actually
increase linearly with N.

e T= % represents the fact that a load of Laplace
impedance Z is connected at the output of the spi-
ral. Note that Z includes also the impedance of
a measurement device when used. When no load
is connected at the output of the spiral generator,
this parameter is equal to zero and has no effect
ON Upyy (1).

2. Useful for deeper understanding of spiral genera-
tors: the following set of parameters are other ways to
express the previously mentioned parameters but allow
a better understanding of the physics happening in the
voltage multiplication phenomenon:

°T,= % represents the rise time of the pas-
sive waveguide. As the discharge of the passive
waveguide deteriorates the output voltage multi-
plication phenomenon, this rise time should be as
high as possible, so 7, should be maximized. This
parameter is not essential because it is a combina-
tion of 7, and wy (T, = T4+ %) but it allows a bet-

ter understanding of why @y should be minimized.
For a given value of 7,, increasing 7, means in-
creasing L,,z.r, Which can be achieved by increas-
ing the mean diameter of the spiral or by inserting
a magnetic material.
¢ C = % = LS"Fﬁvouler

to compare the rise times of both waveguides. In
the light of what was explained above, { should

be minimised.

is another parameter that allows

3. Practically unimportant parameters: these last two
parameters appear in the mathematical development but
can often by assumed to be equal to zero. They should
only be considered if a very accurate prediction is de-
sired:
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e p, = R—S, represents the resistive losses of the
j7i

C/
switch.

°p,= M}‘}"” represents the resistive losses of the
c
outer turn of the spiral generator.

Using our model, we generated several (wy — 7,) maps of
the predicted values of B, and B, for different values of py.
These (wy — 7,) maps allow someone to predict the values
of B+ and B_ knowing only the essential dimensionless
parameters (these maps assume that no load is connected at
the output of the spiral generator). These maps also made it
possible to define a region where the amplitude of the second
peak of u,,(¢) exceeds the first one.
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Appendix A: Re-obtaining Riihl and Herziger transfer function

In this section, we re-do the development proposed in the
article of Riihl and Herziger!” and try to give some clarifica-
tions about how they obtained their results. In the model they
propose, a magnetic approach of the vector inversion gener-
ator is proposed. As there are currents circulating in loops
inside the spiral, a voltage Uj,, is induced in each turn. The
active conductor consisting of N turns, one has: U,,; = NUjq.
As each turn is considered to see the same magnetic flux,
one can deduce the first assumption: the magnetic coupling
is equal to 1.

The next step in their paper is to list all the currents circulating
in loops, i.e. the currents generating a magnetic flux:

e Circulating currents between layers reaching the active
conductor at location x: j,(x) [A/m],

e Circulating currents between layers reaching the pas-
sive conductor at location x: j,(x) [A/m],

e The current in the load, circulating through the N turns
of the active conductor: i, [A].

In this definition, x is defined as the curvilinear abscissa along
the spiral, with x = O being the location of the switch, x = n/
the end of the n-th turn and x = x,,,,, = N/ the center of the
spiral, near the load.

Using Maxwell law of induction with the previously men-
tioned currents, one obtains:

NI NI
Uingd = —SLiurn [le—i— A Ja(x)dx+ A Jp(x)dx] (A1)

The next equations proposed in their original article seemed
to have some typos. The two following equations are a cor-
rected version:

Jp(x=1)+2J4(x) + T, (x) — 8I§)(Cx) - 315)(:6) = 5C'Ujpa,
(A2)

Jo(x) +2J,(x) + Ja(x+1) + &Ia(;x—i— D + algix) =5C'"Upng-
(A3)

To understand where these relations come from, let us split
the currents generating a magnetic flux as follows: the ones
flowing through the active waveguide and the ones flowing
through the passive waveguide, as illustrated in Fig. 14a.

e Currents flowing across the active waveguide: let us
enumerate all the circulating currents flowing in the
active waveguide along a radial portion of length dx:

— Active waveguide: From the telegrapher’s equa-
tions, a current %dx flows in the parallel

branch of a cell of length dx,

— Passive waveguide: generates no current across
the active conductor,

— Circulating current reaching the active line at lo-
cation x: J, (x)dx,

— Circulating current reaching the passive line at lo-
cation x —[: J,,(x —[)dx.

As the active and passive waveguides have the same di-
mensions and physical properties, these currents will
generate a voltage U"z"d . It yields the following relation
using Ohm’s law:

ol,(x)
ox

Uin
sC/ded =Jo(x)dx+J,(x—1)dx— dx. (A4)

e Currents flowing across the passive waveguide: let us
enumerate all the circulating currents flowing in the
passive waveguide along a radial portion of length dx:

— Active waveguide: generates no current across the
passive waveguide,

— Passive waveguide: From the telegrapher’s equa-

tions, a current de flows in the parallel
branch of a cell of length dx,

— Circulating current reaching the active line at lo-
cation x: J,(x)dx,

— Circulating current reaching the passive line at lo-
cation x: J, (x)dx.

These currents will also generate a voltage Uiznd . Using

Ohm’s law, it gives:

81,, (x)
ox

U
sC'dx %d = Ja(x)dx+J,(x)dx — dx. (AS5)

Summing Eqs. A4 and A5 and dividing by dx allows to
retrieve Eq. A2.

A similar reasoning with currents balances but one half turn
upwards, as illustrated in Fig. 14b allows to retrieve Eq. A3.
One can then add up Eqs. A2 and A3 allows to obtain:

25C'Uipa =37 + 300+ Jp(x—1) + Ja(x+1)

 Oly(x) 72% _ Ol(x+1)
ox ox ox

(A6)
This equation is then integrated from x = 0 to x = NI. One can
notice that J,(x) =0 and J,(x) =0 forx <0 andx > (N —1)I.

The same applies for waveguide currents: I,(x) = 0 and

lx) _ 0if x < 0 and x > NI and I,(x) = 0 and 22t — 0 if

x<Oandx> (N—1)L
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(a)

FIG. 14. Currents flowing through a portion dx of the active and passive waveguide at location x. A voltage Uy,4/2 is generated on each
waveguide. (a) Current balance to obtain Eq. A2. (b) Current balance to obtain Eq. A3.

These considerations allow to write:

/Nl Oalxrt1) /(N+1>l o(x)
0 1

ox ox
1
=IL,(x=NI)—I,(x=0)— aISix)dx
_ o [M9L()
R dx

The main error committed by Riihl and Herziger lies in this
step where they wrongly state that I,(x = 0) = I;, hence
neglecting current in the passive waveguide.

Including these integrals in Eq. A6 and dividing by 2 yields:

NI Nl
SC'N1Ujq 2/ dx+2/ x)dx

—% Ol (Ja(x) _ algi )) dx—1,

Neglecting the integral ranging from x = 0 to x =/ and re-
arranging the terms leads to:

NI 1
J, dx+ J dx = 3 (SC'NlUjpa +15) .

Injecting this relation in A1 gives:

1 1
Uina = —SLturn |:le + ESC/NlUind + Els

After replacing U, = NUjg and I, = U%“’, one obtains:

—%SIS

T 1o N
N T25°C'1+7

Uour =

One can then define L = N2L,,,, and C = 2N, leadlng to the
transfer function proposed by Riihl and Herziger:

—sl

U, (8) = .
out (3) 2NC (s + 5+ 1)

(AT)

The next step is to use the waveguide equations to find a
way to express Iy as a function of U,,,. Using Ohm’s law on a
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portion dx of the active waveguide gives:

dl,(x,s)

sC'dxU,(x,s) = — o

dx+Ju(x)dx+J,(x —)dx.
(A8)

Assuming that the waveguide acts as the undisturbed
waveguide, one can write:

Li(x,s) =1 e ¥ —1_¢e",

with ¥ = sv/L'C’ for a lossless waveguide. Using the bound-
ary condition I,(NI) = 0 allows to re-write the previous ex-
pression as:

L(x,s) =1 (e_yx — ey(x_ZNl)) .

The next step is to inject this expression of I,(x, s) in equa-
tion A8. The latter also contains J,(x) and J,(x) terms which
are unknown quantities. To overcome this issue, it is assumed
that the space derivative of circulating currents is negligible
and replace them by their mean value:

1 NI

1 NI
I on | J,,(xfl)dx:m/o J,(x)dx

One can then re-use equation A1 and try to make these J,(x)
and J,,(x) integrals also appear:

Uoul NI NI
—SLyyn | NI +/ Ju dx—i—/ Jpdx

NI NI -1 U U,
& Jadx+ Jpdx = out out
JO

SLturn SN Z

NZ NI 1 1
s A Jodx+ A Jpdx = —NUyy LL—FZ].

Which means that the sum of the mean integral values of cir-
culating currents can be replaced as follows:

1 TRl U, 1 1
LM Todyo —2ou | = 4 2]
NI TNy =T stz

This last relation can be injected in equation A8 and one can
then solve for the 7 constant:

la(x,
sC'Uy(x,s) = 2 (;x ) +Ja(x) +Jp(x—1)
x
U 1 1
! — —rx Ye=2ND) | _ Zowt |~ L
&sC'Uy(x,s) =14 [ye + ve } ] [SL—l—Z]

U, 1 1
_ — —2NI out
@W“@%AF”+”X)TAW[¢+A'

where Zy = \/g/ = s%/ is the characteristic impedance of a
lossless waveguide. Using the boundary conditions at x = 0:

U,(0,5) = — —ZI =— —ZI (0,s),
allows to solve for I+'

e e
T (1—eT) (Zocoth (L) + z,)

which finally makes it possible to replace I, = I,(x = 0) in the
transfer function U, :

L=1. (1 . e—Wl) =1, (1-¢T)

up Uour L L
o] = s 2Ns (sLC+ZC)
' (ZO coth(%) Zs.) (Zo coth (%) +Zs).

Calling A(s) = W, one can find the expression

of the output voltage U, (s) by re-using Eq. A7:
suoA(s) + 5 (sze + 7¢) A(S)
2NC ( + 25+ 1%)
SA($)ug
2NCs2+ (2NC = 43) (5 + 1)

Uour (S) = -

SUpu(s) = — (A9)

The final step is to make the following dimensionless pa-
rameters appear:
e p = 5T the Laplace variable,

T, = Ly accounting for the effects of the switch,
ZoT

°T= % accounting for the effects of the output load,
T . .
* =z the dimensionless resonance frequency .

With this change of variable, A(s) becomes A(p):

! 1 I 1
(S> - s Z th sT ) L Z sT SZLS
ocoth () +sLs  Zo scoth () +
1 1 T
2L.T = 7A<p)'
T ZoT L coth (1) + N Z

To simplify calculations, one can use the following relation:

T 2NIWL'C
— =" —"—— —2NIC' = (2N)*C.

Z /L
C/

One then has:

U _ —supA(p)(2N)2C

o (5) = 2 (2N)2CA(P) \ ( _s 1
INCs™ + (ZNC— T) (e + )

You(p) _ 1 —sA(p)

2NupT T s+ (1-A(p)) (35 + 7¢)

—pA(p)

1
<:>B(p):7 > )
T hr-a0) (B+3%)

(A10)
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Which after cancellation of the T2 terms is the final dimen-
sionless transfer function provided in the article:

U(mt — 7[7A(p)
2NugT — p*+(1—A(p)) (tp+ @})’

Bi(p) = (ALD)

. _ 1
with: A(p) = peoh (2) 7775

Appendix B: Our complete mathematical developments
1. Considering the discharge of the passive waveguide

In our model, we took the discharge of the passive waveg-
uide into account. The difference when taking this discharge
into account is in the boundary conditions at x = 0. The new
set of boundary conditions is:

Ua(x = O,S) = MTO _Zsls(s)v
UP(XZO,S) = _TMO_Zsls(s)_Zouzerlp(x:()as)a
I(s) = I,(x=0,5) —I,(x=0,s).

Let us first see how it affects the first transfer function given
by Riihl and Herziger. When integrating the following relation
fromx =0tox=NI:

25C'Ujpg =30 + 304+ Jp(x = 1) + Ja(x+1)
a(x) I, Ilu(x+1)

ox ax ox

the term I,(x = 0) appeared. There is now a similar term
for the passive line. The rest of the development being un-
changed, the new transfer function is:

—s(L(x=0)+1I,(x= 0))

U()u -
((5) INC (2 + 5=+ 1)

B

One must now solve the wave equations in the active and pas-
sive waveguides to obtain an expression for the numerator. As
before, let us assume that the waveguides act as undisturbed
waveguides:

I (x,s) = Iy (efyx — eY(x72N1)> )

Iy(x,8) =1,y (efyx — ey(xszl)) .

Similarly to what was done before, one must now find expres-
sions for Uy (x,s) and Up(x,s) by replacing the displacement
currents by their mean value. For U,(x, s) it yields:

— _ U I 1
s =t (74 ) - (1)

For the sake if visibility, we define U Yot (& + %) Do-

out C'l \s
ing the same for the passive waveguide ﬁnsally gives the fol-

lowing set of equations:

Ua(x,s) = Zolost (e—yx +e)/()c—ZNl)) U:ut ,
N

- _ U,

Up(x,s) =Zol,+ (e e ZNI)) ;“’

Using the boundary conditions at x = 0, one can obtain the
following set of equations and solve for I, and I, :

U*
Zols(14eT) = =2 = 2 70, (1-¢T) (B

+Zd, (1—eT),
—sT U:ut —Uo —sT
Zolp+(1+€ >—T:T+Zslu+ (1—6 ) (B3)
_(Zs +Zauter)1p+ (l - 67ST) .
From Eq. B2, one can obtain the following relation:
+ (1 — e"YT) [Zo coth (%) +Zs}
=y Yo 7.0, (1—eT)
e Ia+(1 _67ST) ( )uo +A( )Uout
+5ZA(s) Iy (1—eT), (B4)

in which we define A(s) = %m
0 ) ts

Injecting Eq. B4 in Eq. B3 gives:
Ly [Zo (1 +e) + (Zs+ Zower) (1 —eT) | =
%uo + U%*ut +Z5A( )u() +ZA( )Uout
+SZ2A(s) 4 (1 —e—T)
&l (1—eT) [Zycoth (L) + (Zy + Zouer) — SZ2A(s)]
=ug (5 +ZA(5) + Uy (5 +ZA(5)) . (BS)

1 1
s Z() coth ( % )*’r (Zx +Zauter)

Defining P(s) =
yields:

to simplify Eq. BS

uo (5 +ZA( ) + Usua (5 +Z:A(s))
SP( —sZ2A(s)
uo [—P(s) +sZ,A(s)P(s)]
1 —Z2sA(s)sP(s)
+ Ugut [P(s) + sZ,A(s)P(s)]
1—2Z25A(s)sP(s)

s(1=e) =

<:>Ip+ (1 _ei‘YT) =

(B6)

which allows to find an expression for I, by re-injecting
Eq. B6 in Eq. B4:

up [A(s) — sZA(s)P(s)]
1 —Z25A(s)sP(s)
Usut [A(s) +5Z,A(s)P(s)]
1—2Z25A(s)sP(s)

L (1—eT) =
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With this, one can find a value for:
L(x=0)+1,(x=0)=L; (1—e*T) + 1, (1—eT)
It gives:

A(s) — P(s)
1 —Z25A(s)sP(s)
A(s) + P(s) + 2sZ,A(s)P(s)
1 — Z25A(s)sP(s)
= uOF(S) + Uaut G( ) (B7)

L(x=0)+1,(x=0) =ug

+ Uo*ut

Eq. B7 can be re-injected in Ruhl’s modified equation of
U, (s) (Eq. B1) to obtain the following transfer:

—suoF (s)

Uou (S) =
ONCs?+ (2NC = G ) (5 + )

(BY)

The final step is to make dimensionless parameters appear
in the transfer function. As we now considered a new physi-
cal phenomenon, we need to define a parameter related to the
discharge of the passive waveguide: 7, = L JZFL}“”’ This new
parameter is related to the other ones by the following rela-
tion:

_Ls+Lturn
Ty = ——>—
ZoT
L
LX NZ
ST
P Z0T+ZOT
ST, =T, +L !
p— ta T 2 Z’,
L VC JCl4
ST =T+ =
T N2V /T4
ST, =1, +LCII !
P TANANIVDC
LC
@rp:*ca+4ﬁ
4
SThH=Ta+—>. (B9)
Wy

Let us now see how F(s) and G(s) can be rendered dimen-
sionless:

A(s) = P(s)
1 —Z2s5A(s)sP(s)

L) -Pp)
1 s2(sLy)? % (p)P(p)

_ T Alp)=Pp)
Z 1—s4%§L3A(p)P(p)

_ T Alp)-Pp)
Zy 1=p*5;A(p)P(p)
= Zzo F(p),
A(s)+ P(s) + 2sZ,A(s)P(s) Num

Gls) = 1 —Z2sA(s )sP(s) ~ Denom’

F(s) =

T T2
Num:Z0 (p )—|—ZOP( )—2ssLsZ—%A(p)P(p)

= 7 [+ P 250, L AP

— ZTO [A(p) +P(p) +2p*TA(p)P(p)] ,

T2
Denom =1— sz(sLs)Z?A(p)P(p)
0

= 1-p*A(p)P(p).

In the end, the dimensionless form of the transfer function
becomes:

Uout —pF(p)
B = = (B10)
)= ST = 24 (1-G(p) (ep + @2
containing the following dimensionless functions:
1
Alp) = ———+——, B11
(p) pCOth(%)‘i‘pzTa ( )
1
Plp)=——FF7—, B12
(p) peoth (5) + p?1, ®B12)
A(p) —P(p)
F(p) = , (B13)
) = T At (p)
A P 2p*t,A(p)P

1= p*A(p)P(p)

The transfer function proposed by Bichenkov et al. can be
obtained with our approach by considering no current interac-
tion in the switch. This is valid when 7, << 2 One then has
the following set of boundary conditions:

Uyx=0,5) = 2 —ZI,(x=0,s),
Up(x = O7S) 71,40 (Z + Zouter— turn)lp ()C = Oas)a
L(s) I (x-O 5)—1,(x=0,s).
These conditions are easier to solve for 1,4 and I,_. Doing the
algebra yields the following dimensionless transfer function:
U()ut _ —P (A(p) 7P(p))
2NugT  p>+ (1= (A(p) +P(p))] (v + @)
(B15

By(p) =
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Note that Bichenkov ez al. used a totally different approach,
based on electric fields and voltages rather than a magnetic
approach, but still obtained the exact same transfer function.

2. Considering resistive losses

Our major contribution to the modeling of VIGs is to make
it possible to account for resistive losses. Resistive losses are
present along the conductors and can be taken into account by
means of a resistance per unit length R’. Our model neglects
losses in the dielectric layer, but these losses could also be
considered by also adding a conductance per unit length G’ in
the waveguide equations. One can also consider the resistance
of the switch by adding resistive terms to Z; = sL; + R, and
Zouter = SLouer + Router = SLower + R'TD.  The resulting
transfer function has a similar form as before:

_ Uout — _pF(p)
2NuyT — p*>+(1-G(p)) (tp+ @)’

3(p) (B16)

where the tilde quantities denote the fact that they have been
updated with additional terms to account for resistive losses.

The resistance per unit length of the conductors will only

modify A(s) and P(s) as the wave equations are modified. The
updated parameters of the waveguides are now:

~ R/ L/ L/ R/
o L=\ 5" =\ eI+

o 7=/s2L'C'+sR'C’ =s\/L/C/\/@,

e one still has the following relation: ‘y =7.

Doing the algebra leads to the following waveguide current
responses:

As) = —

K Z() coth (SZT 1+ L/ + (Zs +Zourer):|

5y

As far as Ry and R, are concerned, these quantities will
appear in all the parts of the developments that involves Z; and
Zouter» that is in A(s) and P(s) but also in the F(s) and G(s)
functions. Let us first focus on A(s) and P(s):

1
VE AT B (/158 ) + (24 Zoe)

A(s) !
S)=
s {,/éﬁ-,/ufl,coth (SZT,/1+§’,) —&-SLS-&-RS}

which we can, as before, try to turn into a dimensionless ex-
pression:

)

~ 1 1
A(S) = . ’
/ / / 2
\@ sy/14 % coth (g1/1+fy> + ke R
a a
which we can further simplify into:
~ T 1
A(s) = ,
V5 py/1+ 5 coth (%,/H”—;) +P*Ta+ PPa
T
= A(p),
L/
V&
with pg = RL—,T, T, = \/%T and p, = %.
c’ c’

A similar reasoning for P(s) yields:

1

Bs) = —
S)=
1/%p,/lJr’;'j‘)coth(g,/H%)+pz7:p+ppp
T
= ——P(p),

L
VT

Wlth Tp — Ls+L;mIer and pp — R.v+Ro/mer 3
L T L

c e
The remaining step is to see how resistive losses affect F (s)

and G(s). F(s) = lféifsf(g(g(s) = DIZ o » the numerator is al-

ready dealt with as the expressions of A(s) and P(s) have just
been established. One must only take care of the denominator
of F(s) to consider the change in Zj:

Denom = 1 — Z2sA(s)sP(s)
72, ) =
= 1= 5 (sLs + R;)"A(p)P(p)
c

72 Ao\ P
=1 — 257 ("L + R2 + 25LeR,) A(p)P(p)

C/
27272 2p272 3 2
SPL2T? $RT? 283LR,T? )| -, . -
= —[ — T | A(p)P(p)
o o o

=1- [P473+2P3Pa7a +P2Pa]fi(l7)p(l’)~

And as G(s) = AWHLOIH2ZAPE)

, the denominator is the
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same as before, one must just adapt the numerator of G(s):

Num = A(s) + P(s) + 2sZ,A(s)P(s)

2
_A(p)+ ——P(p) + 252,57 A(p) Pp)

- / I
Ve é
T

= A(p)+P(p) +2s(sLg+Ry) 4

L L
c c

= [A(p)+P(p)+2(p*ta+ppa) A(p)Pp)] .

A(p)P(p)

Appendix C: Expression of the current in the switch

It was stated above that I(s) = I,(x = 0,s) —I,(x = 0,s).
The two contributions to the switch currents were also derived
in the mathematical development leading to the transfer func-
tion B(p):

uo [A(s) — sZsA(s)P(s)]

Injecting U, = % (i + %) = %‘;(}’ ¢ (with the last simpli-

fication holding when there is no load connected at the output
terminals of the generator) as well as assuming there is no re-
sistance in the switch (Z; = sL;) leads to:

[A(s) - sszA(s)P(s)]
1 —s*L2A(s5)P(s)

Uou  [A(s) +5°LsA(5)P(s)]
2NsLC 1 —s*L A( YP(s)
[—P(s) + s*LiA(s)P(s)]

1 —s*LIA(s)P ( )

Ut [P(s)—&-szLxA(s)P(s)}

2NSLC  1—s*L2A(s)P(s)

I,(x=0,s) =up

I,(x=0,s) =ug

The final step is to inject the following expression of Uy (s)
which was also obtained previously:

Ia =0, =
(x=0,5) 1 —ZZsA(s)sP(s)
Uput [A(5) + SZ,A(5)P(s)] -
1—Z2sA(s)sP(s) Upus () = —Suo S f)) :
e .5) 10 P() +ZAGP) 2NCs + (2NC = G) (e + 7c)
b ’ 1—Z2sA(s)sP(s)
 Uou [P(3) +sZA(5)P(s)]
1 —ZgsA(s)sP(s) This finally yields the following three expressions:
u st
STLEA(s)P(s
I(5) =~y | A(s) + P(s) — 25°L,A(s)P(s) - - | (C1)
1 —s*L2A(s)P(s) (2NC)2 (1 +sLC) — A( )tP(SQIEi(Sﬁg))P( )
[A(s)—P(5)] [A(s)+52LsA(5) P(5)]
uo 2 1—s*L2A(s)P(s)
L(x=0,8) = ——F———— |A(s) — s°L;A(s)P(s) — . ; (C2)
1 —s*L2A(s)P A(s)+P(s)+252LeA(s)P(s)
S*LA(s)P(s) (2NC)? (1+sLC) — HHEg s
[AG)—POIP(s)+SLA()P(s)]
L(x=0,5) = 1o —P(s) + s*L,A(s)P(s) — L= LGAWP) (C3)

1— s*L2A(s)P(s)

s 5)+252LsA(s)P(s
(2NC)? (1 +sLC) — AL (s‘efgi@ﬁéi)w («)

To consider resistive losses in the conductors, one can simply replace A(s) by A(s) and P(s) by P(s).

Performing a similar mathematical development with the boundary conditions used by Bichenkov ez al. leads to the following

three expressions:

_ [A(s) — P(s))?
1(s) = w0 \A(9) +P0S) =~ NG (T4 510) — AQS) £ P) ©
_ N [A(s) — P(s)]A(s
Is(s) = uo [A(S) (2NC)2(1+sLC) —A(s) —|—P(s)} ’ ©5)
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(Co6)

[A(s) — P(s)] P(s)

(2NC)? (14 sLC) —A(s) + P(s)

Deepening the theoretical understanding of vector inversion generators
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