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Dispersion of helically corrugated waveguides: Analytical, numerical, and experimental study
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Helically corrugated waveguides have recently been studied for use in various applications such as interac-
tion regions in gyrotron traveling-wave tubes and gyrotron backward-wave oscillators and as a dispersive
medium for passive microwave pulse compression. The paper presents a summary of various methods that can
be used for analysis of the wave dispersion of such waveguides. The results obtained from an analytical
approach, simulations with the three-dimensional numerical emdec, and cold microwave measurements
are analyzed and compared.
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I. INTRODUCTION The waveguides studied were used in GTWT/GBWO ex-

Metal hollow waveguides with various types of periodic Periments[4,7] and in frequency-swept pulse compression
corrugation are widely used in high-power microwave elec-xperiments[8]. It is important to note that these applica-
tronics. One such structure that has recently attracted consiions rely on significantly different mode dispersion for their
erable interest consists of a helical corrugation in the wall oPperation. For a GTWT the most favorable operating wave is
a circular cylindrical waveguide, which involves both axial that which has a constant and sufficiently high group velocity
and azimuthal periodicity. This provides asymmetry of theover a wide frequency band in the region of close-to-zero
wave dispersion for circularly polarized modes, resulting inaxial wave number. In contrast, the operating wave for a
additional mode selection. These properties makeoulse compressor should have a strong frequency dependent
waveguides with a helical corrugation attractive for a largegroup velocity over a frequency band which is separated
number of applications. In particular, they have been used asom the cutoff frequency of the waveguide. These very dif-
slow-wave interaction structures in relativistic Cherenkovferent requirements can both be satisfied by waveguides with
devices[1], in Bragg reflector§2], and as mode converters quite similar geometry. In both cases the parameters of the
(see, e.g.[3]), etc. Helically corrugated waveguides have helical corrugation are chosen such that two modes, one
recently been successfully used as interaction regions in gylose to cutoff and one propagating, are resonantly coupled.
rotron traveling-wave tubesGTWTs) [4,5], and gyrotron In Sec. Il the principles of synthesizing the necessary dis-
backward-wave oscillator’GBWOS [5-7] and as a disper- persion and its qualitative characteristics are discussed. In
sive medium for passive microwave pulse compres§gn  Sec. lll an analytical approach is presented which is based on
Due to this wide applicability, it is relevant and important to solution of a dispersion equation derived from the coupled-
investigate the electrodynamic properties of suchmode theory. In Secs. IV and V the techniques used to obtain
waveguides by analytical and numerical techniques, confirmthe wave dispersion from experimental measurement and
ing the validity of the methods by comparison with experi- from MAGIC simulations, respectively, are presented. In Secs.
mental measurement. VI some examples of helically corrugated waveguide are

The most general and simple method for theoreticaknalyzed, and results obtained from the various methods pre-
analysis of the dispersion characteristics and electromagnetiented are compared and discussed.
field structure in waveguides with any type of shallow cor-
rugation is the method of perturbation, which is based upon || PRINCIPLE OF THE DISPERSION SYNTHESIS
replacement of the corrugated surface by a cylindrical sur- . ) ) . i )
face but with fictitious magnetic currerfi®,10). This method L€t us consider a waveguide with the helical profile of its
provides reasonable accuracy when the corrugation depth {8ner surface represented in a cylindrical coordinate system
much smaller than the operating wavelength. For the thed»¢,2) as follows:
retical analysis of waveguides with comparatively large am-
plitude helical corrugations, it is possible to use one of the
available computer codes based on the finite-differencélerer, is the mean radius of the waveguidas the ampli-
evaluation of the full three-dimension@D) Maxwell equa- tude of the corrugationmg and kg=27/d define the azi-
tions. In this paper the time-domain codecic [11] is used muthal number and axial component of the Bragg periodicity
to simulate wave propagation through the structures, with theector, respectively, andis the corrugation period. For sim-
results from the simulations compared to those from theplicity, consider only two circularly polarized modes 1 and 2
method of perturbation and experiments. Two different ex-having azimuthal numbers; andm,, respectivelythe posi-
perimental methods of measuring the wave dispersion artve value ofmis defined for right-handed modesvith axial
also presented in this paper. wave numberk,; andk,, in the absence of the corrugation

r(¢,2) =ro+1 codmge + kg2). (1)
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FIG. 2. Schematic view of a waveguide with a threefold right-
handed helical corrugation.

; larger eigenwave group velocity, which can be made almost
bz 0 kK k; constant over a wide frequency band. Moreover, the cutoff
o ) ) ) frequency of the undesirable upper eigenmddg (Fig. 1)
FIG._l. Schematic dispersion diagram for a helically corrugated.gn pe sufficiently upshifted. In this case, the matlg is
waveguide. attractive as an operating mode in a GTWT. In contrast, if
the coupling is sufficiently weak and the valuekgf is nega-
(I=0) obeying the dispersion equation for a smooth wavetive then the group velocity of the eigenwave changes from a
guide: high value of the mode 1 to a very small value of mode 2
o 2 12 . within a rather narrow frequency band. With an appropriate
K =lkgi+k, 1=1,2, 2 choice of parameters, it is possible to avoid regions with zero
wherek=w/c is the wave vectofw is the angular frequency, ©OF negative group velocity, and then this configuration be-
c is the speed of light k;=vi/r, is its transverse component comes favorable for the realization of pulse compression.
for each mode, and, is the root of the derivative of the N both cases the frequency band of main interest is
corresponding Bessel functiaiere ,> ;). In a periodi- Mostly situated below the cutoff frequency of mode 2, and
cally corrugated waveguide the electromagnetic field can bEherefore, by having a sufficiently smooth down-tapering of
represented as a superposition of the spatial harmonic§}e corrugation amplitude, the eigenmode, which is essen-
which, at negligibly small corrugation amplitude, possess thdially & superposition of spatial harmoni¢g, andW,, totally
dispersion characteristics of the smooth waveguide moddéansforms into partial mode 1. In practice, an operating
[Eq. (2)] (partial modes shifted along the axial-wave- Structure consists (_)f a section W|th a regular corrugation
number axis by an integer number of the Bragg periodicityounded on each side by a taper with gradually tapered cor-
vectorkg (Fig. 1). At nonzero amplitude of the corrugation, rugation amplitude that meets a waveguide having mean ra-
resonant coupling between the modes occurs when theffiuSTo, With the lower mode 1 used to inject and extract the

axial and azimuthal wave numbers satisfy the Bragg condiMicrowave energy from the structure. Therefore, in this pa-
tions per, the operating eigenwave of a helically corrugated wave-

guide will be interpreted as the modified or strongly per-
kg —kp=kg, mMy—m,=mg. (3) turbed mode 1, and will be represented in the dispersion by

This counling results in the appearance of eigenwaves who the modew; shown in the diagrams. In experiments with the
i upling resufts 1 PP P élgenwaves Whotee of the helical waveguides in gyro devices and in pulse
dispersions can be represented as splitting of the parti

) : : T . ‘compression experiments a threef@lahg| =3) helical corru-
mode dispersions near the frequencies of their intersections P P Ghot| = 3)

with dispersions of the spatial harmonics as shown in Fig. lgatlon(Flg. 2) was used that coupled the J E(mode 3 and

A helical wall perturbation can provide selective coupling the TE;; (mode  circularly polarized modes of opposite

between a higher and a lower circularly polarized mode,mtat'on'

avoiding the Bragg reflection zones, which would inevitably

appear in the case of an axisymmetric corrugation because of

coupling between, for example, forward- and backward-

propagating spatial harmonics of mode 1. If the coupling When the corrugation amplituddés small compared with

occurs in the frequency region close to the cutoff of mode 2the wavelength, the modes of the helically corrugated wave-

|k,5| <ko (here and henceforth we will use the designation ofguide can be found using the method of perturbation and the

k, andk, for the values of the corresponding axial wave coupled-mode theorf10,12, leading to the eigenmode dis-

numbers taken at the wave vectqy of exact Bragg reso- persion equation

nance, then one of the eigenwaves, namely, the fundamental s 2 12\r2 5 12 o 4

spatial harmoni¢émodeW, in Fig. 1), which can be consid- (k* = k; = kip[k" = (k; = ke)“ — ki ] = 4xKG, (4)

ered as a modified mode 2, can have a dispersion that ($nere

attractive for either gyro devices or pulse compressors. This

eigenwave can have a positive group velocity at zero axial | v3vh— mymor3(Ke + Kk

wave number. k= 2r3Kk2
In fact, a larger corrugation amplitudehich controls the 0

dispersion splitting and a zero or positive value df,, is the coupling coefficient normalized to the value of the

(which is controlled by the corrugation perjodesult in a  wave vectork, of exact Bragg resonance. If the coupling

I1l. ANALYTICAL APPROACH

(5

[(-2 2\ 2 2
\’(Vl_ ml)(Vz_ mz)
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coefficient is negligibly small, Eq4) splits into two equa- __. ©
tions describing the dispersion of the uncoupled mode 1 ancg
the first Floquet harmonic of mode 2. When the coupling is
small, such thak<1, and the Bragg condition8) are sat-
isfied exactly at the cutoff frequency of modg(ig=k;,,k,,
=0), the eigenwave dispersions are split in the wave vector
by +kky at k,=kg. Further analysis will be concentrated on
properties of the wav@V; (Fig. 1) whose perturbation theory
dispersionk(k,) or f(k,) (f=kc/27 is the frequency[Figs.
5(a), 6(a), and {a) represents a numerically found selected
root of Eq.(4) plotted with sufficiently small intervals over
thek, axis. In this case, the eigenwave group velocity shown,,
in the diagramgFigs. %b), 6(b), and {b)] is numerically
derived using the following expression:

dk

Vg = Cd—kz. (6)
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IV. EXPERIMENTAL METHODS OF DISPERSION

MEASUREMENT 40

relative Ey amplitude (dB)

Two different techniques were used to measure the disper 50
sion of the eigenwave of a helically corrugated waveguide.
The first method, which relies on the asymmetry of propaga—(b)
tion through the structure of the two circularly polarized
waves, was fi_rst applied to helical_wavegu_ide dis’pers’i()QNaveguide:(a) SNA measurementsib) equivalent SNAMAGIC
measurement in Ref13]. In the experiments discussed here g; . /12tions.
the structures had a threefold right-handed helical corruga-
tion (Fig. 2), mg=-3, which in the lowest-frequency region
resonantly coupled a forward-propagating left-handed, TE
mode (m;=-1) and a near-cutoff right-handed JEmode
(my=2). In this case, when the TE; wave is introduced
through a taper with a gradual increase in the corrugatio
amplitude it is transformed into the eigenmaddk, having a
significantly modified dispersio(designated ak,), whereas
the right-handed TE; wave remains practically unperturbed
(K; =k,7g1,9)- The difference in axial wave numbers of two
counterrotating componentsk,=k> —k¥ forming a linearly e 2( _
polarized TE ; mode results in the rotation of its polariza- Ky (fr) = Kerer, o f) + [(E(Zn “D+ (PR)’n_ L2,
tion vector by the anglé¢=Ak,L/2, whereL is the effec- )
tive length of the helical structurghis effect is well known
for gyrotropic media in optios where ¢y is the angle of the azimuthal orientation of the

In the experiments, the input radiation was launched as eectangular waveguide in the receiving port with respect to
fundamental mode of a standard rectangular waveguide artélat in the launching port. It was assumed that the two helical
then transformed into the linearly polarized jTEmode by  tapers of lengtth.,, each acted together like a single piece of
passing through a rectangular-to-circular adapter. This modwaveguide with a regular corrugation of lendth,, i.e., in
consecutively passed a helical up-tagteree and four peri-  Eq. (7) L=L;eq+Liap WhereL o4 is the length of the section
ods long with linear increase in the corrugation amplijude  with regular corrugation. By varying the anglg within an
long section with a constant corrugation amplitude, and anterval of /2, a sufficient number of points for the disper-
helical down-taper to a circular waveguide. A receiver de-sion diagram can be measurgd the measurements of long
tecting linearly polarized radiation was placed on the axis oktructures for the pulse compressor only one orientation was
the helical structure and was separated in space to reduce theeded, while for a shorter structure of the GTWT two
reflections. A scalar network analyz€8NA) was used t0 angleser=0 ander=7/2 were usejl
measure the transmittance of the system as a function of When the experimental equipment did not allow measure-
frequency. It is clear from a qualitative analysis that the dif-ments of the minimal frequencf;, the uncertainty in the
ference in the axial wave numbekk, and, hence, the polar- number of 180° polarization turrategern in Eq. (7)] was
ization turnA¢ is an increasing function of the frequency; discovered by measuring structures of different lengths. The
therefore, when using a sufficiently long helical structure andpoints of the dispersion characteristic found by this method

frequency (GHz)

FIG. 3. Experimental and numerical results for the GTWT

a fixed orientation of the receiving port, a SNA frequency
scan represented a number of minif@most zerop and
maxima [Fig. 3a)] which corresponded to polarizations of
IIlhe output radiation perpendicular or parallel to the polariza-
tion of the receiving port. The frequencies of the minirfia,
sharply indicated on a logarithmically scaled SNA glbig.
3(a)], were accurately measured and the points for the dis-
persion diagram were calculated as follows:
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were interpolated by a polynomial which was used to derivdiptical cross section azimuthally oriented by +45° or —45°
the group velocity as a smooth function of the frequency inwith respect to the polarization vector of the incident wave.
accordance with Eq(6). The order of the polynomial was According to the chosen method, the measured structure con-
increased until further increments did not significantly influ- sisted of a relatively short section of regular corrugation
ence the function that was obtainédurth and fifth order which was bounded on each side by a helical taper, polarizer,

polynomials were used in Figs. 5-8 belpow circular-to-rectangular adaptor, and waveguide-to-cable
The experimental approach discussed relies on the ap- |,

proximation that the right-hande@veakly perturbeglwave 1 "~~~ w

in the helical structure has the same dispersion relation asth 45 ] T~ TEzs S -

TE; ; mode of the smooth circular waveguide. However, a 1 T

large corrugation amplitude can result in a considerable ] o

change in the latter dispersion and therefore lead to system_ / SNA MAGIC

atic inaccuracy. Another source of inaccuracy in this methodg 95
is the inexact estimation of the effective length of the struc-
ture asL=Lg*Liyy Clearly, this inaccuracy can be dimin-

ished by increasing the length of the regular corrugation sec:

SNA measurements

frequency
©

" single-frequency
MAGIC

tion with respect to the length of the tapers. 85
The second experimental method was free from the ] L
sources of systematic inaccuracy detailed above. It was 8- L7
based on the use of a vector network analy@glA) to 1 7 perturbation theory

directly and accurately measure the difference between the 7S+ 1 T T T 1
phases of the signal at the input and output calibration plane; ~ %* ' ' 4 18 18 2 22 24 26
. . (a) axial wave number (cm1)

as a function of the frequency. In fact, the phase difference

Ay between the eigenwave electromagnetic fields taken a

two different cross sections separated by lenQtttan be

determined a\¢/=k,D. Therefore, by measuring the phase  ¢5{-~

Ay, the eigenwave axial wave numbercan be measured if

the experimental setup provides excitation of a sufficiently 8

pure eigenwave in a piece of regularly corrugated wave-3 °*

guide, D. g
In experiments with helically corrugated structures, the o4

excitation of an eigenwave was ensured by introducing a

circularly polarized TE; mode to a regularly corrugated

section through the helical taper mentioned above. The cir- °'3575 . o5 . os o 105

cularly polarized TE; mode(right or left handegiwas con- " requency(GHy ’

verted from a linearly polarized wave by passing it through a

broad-frequency-band polarizer having in the middle an el- FIG. 5. Dispersion characteristics for the GTWT waveguide.

perturbation theory

SNA measurements

SNA MAGIC

ity/c

5 -

gro
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FIG. 6. Dispersion characteristics for compressor waveguide 1 FIG. 7. Dispersion characteristics for compressor waveguide
(inset showsvAGic approximation of the waveguide cross section 2.

adaptor connected to port 1 and to port 2, respectively, of théom simulations with the 3D finite-difference time-domain
VNA. This configuration allowed the reflections to be mini- code MAGIC. The first method, hereinafter referred to as
mized and the dispersior§(f) and k;(f) to be measured SNA MAGIC, was analogous to that used for the SNA mea-
separately by alternating the rotation of the modes via a 903urements discussed in Sec. IV. Being a time-domain
turn in the orientation of the polarizers. The VNA was cali- code,MAGIC allows the continuous frequency characteristics
brated using a ten-term, LRL calibration that excluded isola-0f a linear objectlike a “cold” hollow structurg to be cal-
tion. The calibration planes were each set to be at the corgulated by performing a temporal Fourier transform of its
nection planes between the elliptical polarizer and the helicalesponse to a microwave pulse having a broad frequency
taper at each end of the experimental setup. First, the phasendwidth.
difference between the calibration planes as a function of Using this option, a configuration similar to the SNA mea-
frequency was digitally recorded for the configuration de-surements was simulated, namely, a linearly polarized broad-
scribed above. Second, the measurements were repeated wifind pulse formed in the TE mode was injected into a
the regular corrugated section remov@ee Fig. 8 ins¢t  circular waveguide and then propagated through a helical
The measured phases were then digitally processed resulting-taper, regular helix, helical down-taper, and short smooth-
in continuous functiongwithout 360° jump$ which were  bore section, at the end of which the electric field was ana-
subtracted from each other. This procedure enabled the imyzed. The Tk, mode was injected and output from the
pact of only the regular helix to be selected. If at the mini-simulation sampled in a waveguide section far above cutoff
mum frequency of the measurementsg,, the condition to ensure that the input and output phase velocities were well
kAfminnD>27 is satisfied then after processing an uncer-matched. In order to simplify the modeling of the helical
tainty of 27n (wheren is integeyj in the phase\y still re-  waveguide surface, a cylindrical coordinate system was used
mains, but, at sufficiently short lengib, it can reliably be in macic. This excluded from the analysis the electromag-
deduced by a rough approximation of the dispersion beingetic fields on thez axis (r=0), and therefore a temporal
measured. Fourier transform of the radial electric field at a position
slightly shifted from the axis was used as an equivalent to the
SNA frequency scatiFig. 3), which was then processed in
Two different methods were applied to obtain the dis-the same way to obtain the dispersion diagram.
persion characteristics of helically corrugated waveguides For a relatively short structure, the exact experimental

V. 3D NUMERICAL SIMULATIONS
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~~.__ TEY - eigenwave of main intergsand the line of thd field analy-
T sis was sufficiently shifted from the axis, then two clear
maxima were seen in the Fourier transform, one of which at
©~"VNA measurements smaller axial number corresponded to the spatial harmonic
\ o W, (modified TE ; modg while the other(shifted by the
Bragg periodicity vectokg) corresponded to the spatial har-
monic W; of the eigenwave. A small admixture of a right-
handed TE ; mode at the input resulted in the appearance of
a maximum at the axial wave numbier of the weakly per-
turbed wavgFig. 4). Thus all the axial-wave-number values
of interest can be found at a defined frequency. In addition,

"“SNA measurements

frequency (GHz)

phase (degree)

66 88 o o2 94 o6 98 important information about the field magnitude and its dis-

o freguency (GHa) tribution can be obtained using this method. The accuracy of
. — T T T T T T T T T T T T T T T T T T T . . g .

14 15 16 17 18 18 2 21 22 23 24 these simulations for determining the axial wave numbers

improved with increasing length of the helical structure. In
the single-frequencyAGiC simulations performed, struc-
tures with an operating length of more than 30 periods were
analyzed, which ensured a relative accuracy for the axial
wave number&; andk; of better than 1%.

VI. RESULTS

group velocity/c

The results of a study of three different structures with
three-fold helical corrugations used ¥rband GTWT and
pulse compression experiments are presented and discussed

0 . . . . . . below.
8.6 88 s 9.2 9.4 9.6 9.8 10 One structure, hereinafter referred to as the GTWT
® frequency (GHz) waveguide, had the following parameters: mean radjus

FIG. 8. Dispersion characteristics for compressor waveguide 2:1'4 cm, period d=3.9 ¢cm, corrugation amplitudel

including the VNA measuremenigset shows the data from VNA =0.22 cm (coupling coefficientx=0.117, length of regu-

before processing, includingolid line) and excludingdashed ling larly corr_ugated_se_ctiorl_,eg:GO cm, and Iength of each
an eight-period helik taperL,,=12 cm; with the structure able to be disassembled

in two halves. In this case the SNWAGIC simulations of

configuration was simulated withacic (Fig. 3) to validate  the whole length of the structure agreed very well with the
the method and to optimize the size of the numericalcorresponding SNA measurementsig. 3). The single-
cells. The dimensions of theacic cells required to ensure frequencymAGiC simulations performed for a structure hav-
good agreement with results of the measurements were #g a 136.5 cm(35d) long regularly corrugated section
follows: dr=1/7, de=10°,dz=d/30 (Fig. 6 inse}. A further ~ showed a very small difference of 0.26%which is less
decrease in all cell dimensions by a factor of 1.5 resulted irthan the accuracy of the methobletween the axial number
a very small shift(less than 0.43%of frequencies of the Kk of the weakly perturbed mode and that of the unperturbed
minima which proved that the numerical simulations hadTE; ; mode. These simulations resulted also in a difference
good convergence and reliability. An advantage of thisof less than 1% for the value of the operating eigenmode
method was that onsiAGIC run allowed a wide frequency axial wave numbek, when comparing the results obtained
region to be instantly analyzed, but in this case it was diffi-from SNAMAGIC, SNA measurements, and the perturbation
cult to extract information about the electromagnetic fieldtheory [Fig. 5a)]. The difference between the results be-
distribution over the volumeéselected plane or lineat a comes more evident if the frequency dependences of the
defined frequency. group velocity obtained from the different methods are com-

The second method of simulation, hereinafter referred tgared. From Sec. | it can be recalled that the eigenwave that
as single-frequencyAcic, set the source of the microwaves has a constant group velocity over the operating frequency
at a defined frequency. In this case an eigenwave of a helicdland is the most favorable operating mode for a GTWT.
waveguide was excited by introducing a circularly polarizedPerturbation theory predicts 22% variation of the eigenmode
TE; ; mode to the helix through a smooth helical taper simi-group velocity for the frequencies between 8 GHz and
lar to that used in the VNA measurements. After a suffi-10 GHz, whereas the SN®AGIC simulates a smaller varia-
ciently long time to ensure that the electromagnetic field wadion of 17.5%, which is closer to that obtained from the SNA
established over all the structure, a snapshot of the radigtheasurements.
electric field distribution along a line parallel to theaxis Two other structures used as microwave pulse compres-
was taken, and its spatial Fourier transform for a region withsors were analyzed. Both structures had the same mean radus
constant amplitude of the corrugation was perfornieig.  ro=1.47 cm, periodd=2.89 cm, and length of tapeis,,
4). If a left-handed TE; mode was introduce¢exciting the  =11.56 cm(4d), but different corrugation amplitudes and
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lengths of the regularly corrugated sectiohs0.175 cm(x  practically the same results, which confirmed the reliability
=0.099, Lg=184.96 cm(64d) for compressor waveguide of theMAGIC simulations and indicated the region of param-
1, which could be disassembled into single-period sectionssters(coupling coefficientk=0.078 where the simple ana-
and1=0.14 cm(x=0.079, Ly=208.08 cm(72d) for com- lytical approach can give sufficiently high accuracy.
pressor waveguide 2, which could be disassembled into eight

period long sections. VIl. CONCLUSION
In the case of compressor waveguide 1, the dispersion '
obtained from the SNAAGIC technique, simulating a 14-  Several of the theoretical and experimental methods dis-

period long structure bounded by one-period long tapers, wagussed are generally applicable for a wide region of param-
reasonably close to that obtained from the SNA measuresters and can be used for accurate analysis of the dispersive
ments[Fig. 6@)]. The results of the single-frequen®GIC  properties and design of helically corrugated waveguides. A
simulations involving a structure with a 35-period long regu-gimp|e theoretical approach based on the method of pertur-
lar section were in very good agreement with the SNApaiion can be used for a preliminary choice of the helical
MAGIC method results for the operating eigenmode dispersirciure and is more accurate for a relatively small corruga-
sion and showed again an insignificant difference betweefg amplitude (k<0.1-0.15. Depending on the required
dispersions of the nonoperating and unperturbed, ;TE gispersion properties, perturbation theory provides reason-
modes[Fig. 6@)]. In contrast to the GTWT waveguide, the apie or sufficient accuracy. The SNMAGIC simulations
pulse compression application required the operating grougaye the advantage of being able to generate sufficient data
velocity to be significantly changed over the operating e, the dispersion using comparatively limited computer ca-
quency region. Moreover, the minimum value of the grouppapijities and a short run time, but more importantly can be
velocity was very important for the compressor desii®® ;seq for increased accuracy in the analysis of a specific
optimum compressor length is nearly proportional to thisgigenwave dispersion characteristic. The single-frequency
value); th_erefore the difference in the results obtained by acic simulations allow an estimation of the systematic in-
perturbation theory and those obtained from the measurésecyracy and validation of the results obtained from SNA
ments andMAGIC simulations, which is not so evident in the ;. Moreover, these simulations enable detailed analysis
dispersion diagrarFig. 6@)], becomes essential if one con- f the electromagnetic field inside the structure to be carried
s@grsagroup velocny vs frequency functlbﬁg. &b)]. The o4t The VNA measurements involving a relatively short
minimum value predicted by the _perturpatlon the_ory WaSiece of the helical waveguide allow the dispersion charac-
Vgi(min = 0.12%, whereas the1AciC simulations resulting in - ieristics to be accurately found before the full-length helix is
Vgr(min = 0.15% gave a much better agreement with measureconstructed, whereas the SNA measurements which rely on
ments(vg(min =0.153). more readily available equipment can be effectively used for
In the case of compressor waveguide 2, for which the besa final “cold” test of a manufactured structure.
results were achieved in the experiment on pulse compres-
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