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Abstract—Reflection of circular symmétric TEy, modes (n =
1—6) at an oversized, open-ended circolar wavegwide (C76-wave-
tuide, inner diameter = 27.7% mm, 70 GHz) radiating into free
space has been investigated theoretically employing two scat-
tering matrix codes (SMCs), the finitedifference time-domain
coide EMPIRE and the uniform geometrical theory of diffraction
(UTD} a8 well s the first tirme experimentilly. The measuréments
utilized mode converters for generation of pure TEy, modes and
a wavenomber spectromeler for mode analysis in the oversized
wavegnide. The total power reflection compuoted by EMPIRE is
4.1 to 13.4 dB lower than cakulated from free-space wive and
wavegnide mode impedances. In all cases, most of the reflected
power i carried by the backward traveling TEyy mode, which is
the mode closest to cutoff. Experiments are in very good agreement
with theoretical resulis.

Index Terms—Circular symmetric TEy,, modes, FDTD, gyro-
tron s, mode matching, open-ended wavegnide, reflection, UTD.

I INTREODUCTION

EFLECTION in standard rectangular and circular

waveguides always is in the same fundamental mode.
There is no mode conversion to higher order modes like in
oversized waveguides. The objective of the present work is
a systemaltic theoretical and experimental study to show the
peculiarities of reflection in overmoded waveguides, here for
the example of the mode series TEp, with g = -6 at the
frequency of 70 GHz in the C76-circular wavegnide (inner
diameter LD = 27.79 mm). These modes show melatively low
ohmic attenuation and therefore have been employed as inter-
action and output modes of 100-kW-class gyrotron oscillators
and amplifiers [1]. Such gyrotron oscillators in the frequency
range from 28 GHz (TEg mode) to 384 GHz (TEge mode)
are utilized for fusion plasma diagnostics, materials processing,
and various types of millimeter wave and subterahertz spee-
troscopy. Ka-band and W-band gyro-amplifiers are applicd

TARLE 1
COUPLING CONSTANTS KZ, 1or FORWARD- AND BAUKWARD-WAVE
Covpring oF Ay INCIDENT THor Mone AT AN ABRUPT
WAVEAUIDE RADIUS STEP (o = 20.539)

Coupled mode TEm TEy4 TEn TCs TEy,
Forward coupling L5357 380 0632 0.508 0,492
Backwurd coupling | <0035 | <0055 | 0082 | 0127 | 0278

in high-power RADAR systems. Reflection at the circular
waveguide output of higher than approximately — 15 dB could
strongly reduce the electronic efficiency in the mteraction cir-
cuits of these gyro-devices. In order to facilitate experimental
studies, the present measurements have been conducted at low
power (50 mW).

In circular overmoded wavegmdes the coupling coeflicient
for conversion of TEgy to TEyy modes at o small abrupt step
Aeg of the wavegmde radivs & 15 given by [2]
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where fan = .l:.g'rl — (X!, fk.n)? is the axial wavenumber
iphase constant) with &, = 2wfA, being the free-space
wavenumber and Xj, the zero of the corresponding Besscl
function derivative. The % signs are for coupling to forward
and backward traveling waves, respectively. For an inner
diameter {1.1D.) = 27.79 mm at 70 GHz (k8 = 20.39). the
coupling constants K:l in (2} for an incident TEpy wave arc
summarized in Table L

The strongest coupling in forward direction is to the nearby
T'Epg mode, whereas the major coupling in backward direction
is to TEpg, which is the mode closest to cutofT (Xg, = 19.616).
There is no coupling to the cross-polarized TMg,, modes [2].

In highly oversized circular waveguides, the transmission of
a waveguide mode through a large, abrupt stepin radius asymp-
totically corresponds to the radiation from an open-ended
waveguide (semi-infinite circular waveguide). It has been
demonstrated in Wien and Thumm [3] and Wagner er all [4]
that mede-matching methods based on the generalized scat-
tering matrix can be used for verification. Theoretical results
for the reAecton of 70-0GHz TEa, modes im = 1-6) at an
open-cnded CT6-wavezuide employing these two scattering
matrix codes (SMCs) [3), [4] and a commercial finite-differ-
enec fime-domain code (FDTD EMPIRE) [5] are summarized
in Scction 11



Backscattering of waveguide modes duc to abrupt changes
of the geometry is caused by edge diffraction leading to an
additional ficld to the incident and reflected waves. This dif-
fracted field can be interpreted as anisotropic radiation from a
line source located at the edge, which can be described by equiv-
alent currents. In Yee ef all [6]. a ray optical approach was de-
veloped to estimate reflections from open-ended semi-infinite
circular waveguides. This method can be applied if the incident
rays are perpendicular to the edge and the diffracted rays that
contribute to the refected power are lying on Keller's diffrae-
tion cone (GTD, [T]) which is the casc for reflection of TEgg
modes. In this scalar problem, there is only coupling between
these cireular symmetric modes (Am = 0, no change in az-
imuthal mode index, and no coupling to TM modes. However,
Yee ef al [6] assume the approximation of low-order modes
eS8 Pun = Pneefkg = 1 where they could compare with the
cxact theory of Weinstein [8]. This method takes care for mul-
tiple diffractions and arbitrary Aange angles but leads to asym-
mictric results 8, # S‘,ﬂ, as will be shown m Section [1. Wien
and Thumm [9] employed the method of equivalent edge cur-
rents (MECs) [10] and derived formulas that are also valid for
high-order modes. For circular symmetric modes {m = Q), the
reflection due to primary diffraction can be written as
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Results using this fmproved theory are also given in
Section 11, Section 11 introduces the measurement technigues
used for experimental verification. In Section IV, the mea-
surements utihzing a wavenumber spectrometer are compared
with the theoretical results, and the conclusions are drawn in
Section V.

1. THEORETICAL RESULTS

Reflection of circular symmetric TEp, modes (m = -6} at
70 GHz from an oversized, open-ended circular C76-waveguide
{I.D. = 27.79 mm} mdiating into free space has been investi-
gated theoretically employing two SMCs [3], [4], a commereial
fnite-difference time-domain code (FDTD EMPIRE) [5] and
the MEC [9], [10]. the uniform geometrical theory of diffrae-
tion (LI'TD).

In the casc of the SMC calculations, the diameter of the
highly oversized output wavegnide and the number of consid-
ered modes were stepwise increased to get asymptotic results
approximately corresponding to mdiation into the free space
from a flanged waveguide end [sec Fig. liright)]. The results
from the two SMCs were in exccllent agreement. Table [1
summarizes for the incident modes THyy (# = 1-0) the Te-
Hection in the different modes, the total reflection {uncertainty
=+2 dB}, and the reflection calculated from the free-space wave
impedance &, = yfpafe. = 376, 63 §, and the waveguide
mode impedances &op = [kofBon)&a. [n all cascs, most of
the reflected power is carried by the backward traveling THpg

x=350" ' |_ a=270"

Fflanged waveguide end I

Wiveguide end geometries for UTD compututions.

thin walled waveguide end

Fig. 1.
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REFLECTION T THy, MODES (A = 1-6) CALCULATED WITH SCATTERING
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FREE-BPACE WAVE AND WAVEGUIDE MODE [MPEDANCES
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maode, which is the mode closest to eutoff. Power reflection cal-
culated from the SMCs is 7.3 to 1 5.6 dB lower than calculated
from free-space wave and waveguide mode impedances.

In case of the FDTD simulations, a circular waveguide port
with a diameter of 27.79 mm and a wall thickness of 1.65 mm
{C76-waveguide) has been created in a free-space environment,
which has a total size of 60 mm ® 60 mm x 80 mm (Fig. 2).
In order to simulate up to 80 GHz, a cell spacing of 0.25 mm
has been used yiclding to about 20 million cells. Absorbing
boundary conditions (PMLs) have been applied at the simu-
lation boundaries. Waveguide modes are precaleulated by the
code in ascending order of their cutoff frequency and used for
cxcitation and decomposition at the port. Up to 200 modes have
been caleulated ineluding the modes of interest TEpy to TEgg.
For cach incident mode. a separate simulation has to be carried
out that yields one column of the scattering matrix. On a dual
Intel Xeon E2690 PC, one simulation necded about 2 hours with
a memaory requirement of 5 GB. In comparison to this, the SMC
and UTD calculation times are only |0 min and | 5. respectively.

Power reflection calculated from FDTD EMPIRE is 4.1 to
[3.4 dB lower than calculated from frec-space wave and wave-
guide mode impedances (Table I1). The SMC calculations re-
sult in a somewhat lower total reflection compared with the



TABRLE 111
REFLECTION [N THE MAN MODBES CAICULATED BY THE SMC, FDTD,
AND UTD METHODS FoR INCIDENT THpe MODES WITH m = 2 4.
THE ANGLES @ = 360% AND 270° CORRESPOND TO THIN-WALLED
AND FLANGED OPEN-EXDED WAVEGUIDE, RESPECTIVELY

Retlection |dB)
Incident | Refected | SMOTDTD LT 6] UTD [9]
Mode | Mode Codes =360 | o=2T" | @=36"
B | THgs 437 40 43 437 -3
TE:s | TR 38236 J60 365 A7
gy TEgs -33¢-31 -3 -3 3340
Fig. 2. Waveguide end geomelry and electric Geld of the o pen-ended oversized IEgs Tk, -28 -6 243 247 -28.1
wiveguide excited by the THyy mode (FOTD computaltions).
TEqs -aR /=33 355 =360 =367
Thy A2 =4 343 -394 412
a I'Eqg Thqs =18/ -1 156 -1549 -I4.1
=+ SMC total TEON s o -
et el Itys 220 280 | 284 R0
=20 1o FOTD (EMPIRE total TEOD
E
£ —40 [I. EXPERIMENTAL ARRANGEMENTS
5
%’ ~60 A Generation of the TEyy Mode
= Low-power millimeter waves were generated by a CW Gun
SME TEDY : ; i
—80 . UTDTEOL e oscillator (70 GHz, 50 mW) in fundamental rectangular wave-
i FOTO [EMPIRE] TEOL guide (V¥-band}. A pure TEgy mode was produced by a geomet-
i rical Marie TEyg (rectangular)-to-TEg, (circular) mode trans-
o 5 1ﬂa 15 20 ducer followed by long seetions of helix-waveguide mode filters
A and an optimized nonlinear TEgy -mode up-taper from the small
Fig. 3. Reflectlon caleulated using the SMC. UTD (formula (33) and FDTD  diameter circular waveguide (LD. = 8 mm] to the highly aver-

methods in dependence of the normmnlized waveguide radius kb, for the incident
TRy mode. Upper curves (upper legend | total reflection. Lower curves (Jower
lzgend): reflection into the incident TRy mode

FDTD simulations. The reason tor this probably is that the SMC
method employs a step to a very large but nevertheless finite
waveguide radius and not mdiation into free space.

LITD calculations have been performed for the cases thin-
walled waveguide fo = 360%) and flanged waveguide ends
{or = 270%), as shown in Fig. .

The curves in Fig. 3 show reflection versus normalized wave-
guide radius kg tor the incident THy; mode caleulated by the
SMC, UTD, and FDTD methods. In the case of UTD a thin-
wialled waveguide was used. The upper curves (upper legend)
give the total reflection in all propagating TEg, modes (n =
[—6) and the lower curves (lower legend) the back reflection
into the TEgy mode. For very low reflection (lower than approx-
imately —70-dB) numerical uncertainties of the FDTD simula-
tions show up. U'TD formula (3) [9] leads like the SMC and
FDTD methods to symmetric results: Spg = Sgn.

The main part of the reflected power is camied away by
the modes which are closest to cutoff, The corresponding kem
values are the zeros of the Bessel function derivative for the
modes THEgg to TEgg. For the higher TEg,, modes (m = 2-6)
al kge = 2039 {1.D. = 27.79 mm. 70 GHz), the results of the
reflection are given in Tables 11 and I1L

sized circular waveguide [L.D. = 27.79 mm).

B, Generation of TEgy Modes With g = 2-6

Oversized mode transducers with small cireular symmetric.
periodic  diameter  perturbations  (“rippled-wall™)  convert
TEga-mode into TEgp4a-mode power provided that the
waveglide diameter is periodic approximately with the beat
wavelength Ag (. = 4 1) of the two modes [11]. Unwanted
power conversion to other coupled modes is minimized by
numerically solving the comesponding coupled-wave differ-
cntial equations. The optimum wavelength Ay (m. a4 1) of
the wall perturbations differs slightly from Ag (m, = 4+ 1).
The efficiencies are further improved by superimposing small
amounts of additional, phase matched, higher harmonics on
the wall structure and/or by mnserting eylindrical phase shifters.
The TEp, modes with & = 26 can be generated from the
TEqpy mode by cascading the corresponding single-step mode
transducers. The calculated conversion efficiencies mnge from
99.7% for the TEy-to-THgs mode converter to 98.2% for
the TEpg-to-THEpg converter, with an overall THgy-to-TEqg
conversion cfficiency of 94.6% (ohmic attenuation is included)
[12]. The mode converter sequence has been manufactured
by direct machining on a numerically controlled lathe and
asscmbled from individual sections (aluminium waveguide
with input and output diameters of 27.79 nim).
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In Fig. 4 the measured far-field radiation patterns of the THpg
modes (m = 2-6) successively produced from a purc TEgy
input mode (also shown) are plotted together with the caleulated
mode patterns. The agrecment of these far-ficld patterns is very
good and consistent with the caleulated conversion efficiencies
and experimental efficiencies deduced from measurements em-
ploying a wavenumber spectrometer [L2].
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- successive ly genemted by rippled-wall mode converters (§ = 70 GHz,

C. Wavenumber Speetrometer (k-Spectrameter)

In order to measure the spectrum of forward- and backward-
traveling waves in highly oversized waveguides, the “k-spec-
trometer” developed by Kasparck and Miiller [13] was used. In
this instrument, the frec-space radiation of a leaky-wave antenna
(axial array of equidistant holes) in the waveguide wall is used



Fig. 5. Photograph of the wavenumber spectrometer showing the circolur
wivegwide with the 1.2-m-long hole array and two receiver anlenmas, one being
vontrolled by & motor drive.

TABLE IV
WAVENUMBER SPECTROMETER ELEVATION ANGLES OF FORWARD-

AND BACKWARD-PROPAGATIN G TEaw MODES (B = |-A) FOR
LE. = 27,79 mum AT 70 CiHi
Elevation Angle 9 {deg b
Made -
Forward Backward

TEyj 10.8 16592
TEms 20,1 1599
I'Euz 2949 15011
TE 4.8 139.2
TEns 539 1261
Fg 741 105G

for mode analysis. The radiation pattemn of this array depends on
the phasing of cach madiating hole, which is given by the axial
wave number of the exciting waveguide mode. The main lobe
of this pattern has an elevation angle § with tespect to the axial
dircction of the waveguide, which is given by cosll = S fka.
The polarization of the detected ficld allows to distinguish TE
from TM modes. TEg, modes only can be scen in the ELlk
spectrum,

The k-spectrometer shown in Fig. 5 consists of a 2-m-long
waveguide. in which the array of 600 holes is milled [13].

The hole diameter varies from 1.0 mm (center) to 0.6 mm
{edge), such that a Gaussian taper is formed. This allows to de-
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Fig. 6. Specirum of the TEpy mode mixiure (4.6% TEgay. 19.1% THeg,
31.4% TEas. 28.3% THEoa. 14.2% THgg . and 2.4%, THga ) used tor ealibration.

tect the elevation angle # of the main lobe in the near ficld of
the hole array by pivoting a receiver antenna with high diree-
tivity. This antenna is a prime focus parabolic refector antenna
with a rectangular feed horn, which offers an angular resolu-
tion (FWHM ) of 2% with a suppression of the cross-polarization
of 33 dB. The reccived signal is detected by a fundamental mixer
and a spectrum analyzer. The receiver antenna is mounted at an
arrn, which can be swept around the center of the array by means
of a precise motor drive with an angle encoder. To avoid stray
radiation, the system is shielded by two microwave absorbing
plates.

The elevation angles of forward- and backward-travelling
TEg, modes (w = |1-6) arc summarized in Table TV,

Dy Calibration of e k-Spectrometer

The calibration of the k-spectrometer can be done either by a
caleulation or experimentally by measuring the patterns of dif-
ferent modes with known mm-wave power [13]. The calcula-
tion including the wall field, the coupling damping of the holes.
and the radiation pattern for cach mode can only deliver rela-
tive values, as many mechanical parameters are not known ex-
actly due to mechanical tolerances. Experimentally, a straight-
forward calibration can be done by measuring the spectra of
the pure modes generated by the rippled-wall mode converters
{see Section [11-B). A more simple solution is the excitation of
a whole spectrum of modes from a single mode by an abrupt
step in the waveguide diameter. This is shown in Fig. 6, where
the TEgy mode in an 8-mm-diameter waveguide excites a TEgyg
spectrum (m = |0, fractions obtained from an SMC arc given
in the caption of Fig. 6) at the diameter step 8 mm — 27.79 mm.
which can be used for calibration.

Table ¥ compares calculated calibration wvalues with
weighted data from spectra of pure modes and the test
spectrum shown in Fig. 6. One can sec that, in spite of many
approximations {e.g.. the radial electric ficlds are neglected. the
Toocciver antenna 1s treated as onc-dimensional ) and uncertain-
tics (lincarity of the detection system, mechanical tolerances.
adjustment of the receiver antennal), a good agreement is found.



TABLE ¥
RELATIVE CALCULATED AND MEASURED COlUPLING FACTORS FOR Tha,
MORES AT 70 GHe, 110 = 27.79 mm

TABLE VI
CoMPARISON OF REFLECTION MEASURED I8 THE MAIN MODEs WITH THE
REsUrTs oF SMO, FIDTT, axn UTD CALCULATIONS [SEE TABRLE 111)

Coupling Factoss [diF]
Mede Calcalated Mensured
TEy; (3] 1.3
TE3 .6 6.8
TEq; (02 1.7
TEqy 15.3 f4.5
TEqgs 153 14.7
TEus 213 20,6
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Fig. 7. Wavenumber spectra mensured for incident THye modes (m = 1-6)
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Reflection [dB]
Ineident | Reflected | Measure- | SMOC FIFTTY (BN
Mode Muode ment Codes 6] {9
=360" | oo=360"

TEq; TEs =40kt -43 40 431 -41.3
iy [T ansd | 38 36 36,01 371
MEn | TEw ey |=sar o 301 330
TEys [ TE 2622 | <28 26 243 2281

TEs 34 -38 35 =35.5 367

TEw -3 -2 ] =393 =412
FEpp I'Epg ~l8=2 e -156 =ER

IEqs 2724 -8 26 220 -2

IV, EXPERIMENTAL RESULTS

Measurements were  performed employing the experi-
mental arrangements and calibration techniques described in
Scction Il The open-ended oversized circular waveguide
(L.D. = 27.79 mm., CTh-woveguide) had a wall thickness of
L.65mm m D.4&, and radiated into an anechoic chamber.
Since for the lowest order TEyy mode, the reflected power
in the backward-travelling THEgg mode 15 only —50 dB, no
measured signal could be observed (in the noise foor). The
E 1 k wavenumber spectra generated by the incident THygy,
modes (g = 2-6) arc plotted in Fig. 7. The experimental results
with down to —40-dB reflection (close to noise level) are
summarized in Table V1 together with the theoretical values of
Table [11. The agreement between measurements and theoret-
ical results is very good. Especially, the difference between the
measured data and the reflection calculated from the impedance
formula {last line in Table 1) is huge and clearly rules out the
use of this formula for oversized waveguide problems.

V. ComcLusiom

Circular symmetric TEp, modes have relatively low ohmic
losses. For that reason, they have been utilized as operating and
output modes of 100 kW-class gyro-devices. The present paper
reports on first measurements of reflection of 70 GHz TEgy,
muodes (= 1-6) at an open-ended circular C76-waveguide em-
ploying mode converters for generation of pure TEg, modes
and a wavenumber spectrometer for analysis of the spectra of
reflected modes in the oversized waveguide (kqa = 20.39). The
cxperiments are in very good agrecment with theoretical resulls
from FDTD EMPIRE and UTD calculations. The SMC calcula-
tions result in a somewhat lower total reflection compared with
the FDTD simulations. The reason for this probably is that the
SMC method employs a step to a very large, but nevertheless
finite, waveguide radius and not radiation into free space.

Power reflection at highly oversized open-ended waveguides
is much lower than calculated from the simple reflection co-
cfficient formula using free space wave and waveguide mode



impedances. In the present example of TEyg modes (n = 1-6)
in C76-waveguide at 70 GHz, the difference is 4.1 to 3.4 dB.
Since for the TEpg mode at 70 GHz, the ratio of the C76-wave-
guide radivus to the cutoff radius only is 104, for all six TEy,
modes most of the reflected power is propagating in the back-
ward-traveling TEpg mode. The incident TEyg mode shows the
highest reflection cocfficient ofapproximately — 16 dB. Because
usually the radius ratio of gyrotron output waveguide and cavity
ismuch larger than 1.04, even for a TEpg mode, gyrotron reflee-
tion at the open-ended output waveguide is sufficiently low and
will not influence the interaction efficiency.

The reason for the obscrved reflection behavior is that at
the transition of the cylindrical waveguide with kya = 20.30
to an open half-sphere (free space), there is already in the last
part of the waveguide a tapered matching of the waveguide
mode impedance to the free-space wave impedance. Picfke
[14] and others [15], [L6] modeled this transition of the circular
waveguide ending with a plane screen (flanged waveguide) to
free space by a so-called 3-dimensional intermediate medium.
Since this intermediate region is a sphere with a radius equal to
the waveguide radius, which is for highly oversized wavegudes
large compared with the wavelength, this transition region is
long and provides a good taper leading to low reflection. Since
the backscattering of waveguide modes duc to abrupt changes
of the geometry 1s caused by edge diffraction, the main part of
the reflected power1s carried by the backward-traveling mode
which is elosest cutoff (here the THEpg mode). This mode has the
highest electrical field close to the waveguide wall and is most
strongly excited. In the present example of TEg, modes, there
is no coupling to backward-traveling cross-polarized TMpy
maodes. However, in the case of non-symmetric TEq, modes
radiating from oversized open-ended circular waveguides also
the coupling to reflected TM g, modes with the same direction
of polanzation s existent.
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