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In this paper, the possibility to use the semiconductor obstacle placed on the wall of the circular waveguide as the resistive
sensor is analysed. The simplified model of the semiconductor obstacle is considered and the method to solve Maxwell’s
equations in the cylindrical coordinate system is presented for TEg: mode, which is most suitable for the transmission of
high power signals. The finite-difference time-domain method was employed for the calculation of the electromagnetic field
components in cylindrical waveguide, reflection coefficient from the semiconductor obstacle, and the average electric field in
it. Computation results were tested by comparing computed results with the analytical solution.
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1. Introduction

Since the TEp; mode propagating in a circular
waveguide is a low loss mode, it is often used for the
design of microwave devices. The currents associated
with TEg; modes are in the circumferential direction
only and this property may be of some use to construct
mode filters that suppress modes having currents di-
rected along the waveguide axis [1]. The properties
of TEp; mode mentioned above have been applied in
[2-6].

The gyrotron-backward-wave-oscillator (gyro-BWO)
experiments, which utilize a high-current (1-4 kA) and
a high-voltage (300-500 keV) annular electron beam,
were presented in [2]. The designed gyro-BWO oper-
ated in the TE(; backward wave mode, extracted power
was 0.1-0.4 MW and cutoff frequency was approxi-
mately 4.2 GHz.

In [3], a design for circular waveguide bends propa-
gating the low loss TEp; mode was considered. The de-
tailed design of the bend and the comparison of simula-
tion results with experimental data were presented. The
bend has smooth walls and very low ohmic losses. The
TEg; mode is transmitted with virtually perfect mode
purity.

The theory for a single-time-switched resonant de-
lay line pulse compression system has been developed
in [4]. The switch operating in TEg; mode in a circular
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waveguide avoiding the edge effects at the interface be-
tween the silicon wafer and the supporting waveguide
was proposed. A design example for an active iris op-
erating in TEg; mode has been presented.

The design and test of a 100 MW-band TEqy; win-
dow was presented in [5]. A TEy; nonreciprocal phase
shifter in a 50 MW test bench has been tested in [6].

The overview presented above confirms that circu-
lar waveguides operating at TEp; mode have been reg-
ularly used in high power microwave (HPM) experi-
ments. In the present paper we have investigated the
interaction of a semiconductor plate inserted into a cir-
cular waveguide with the TEp; mode propagating in
it. We have solved Maxwell’s equations using finite-
difference time-domain (FDTD) method in a cylindri-
cal coordinate system. The object of our investigation —
the semiconductor plate — might be considered as a pro-
totype of a resistive sensor (RS) [7]. The performance
of it is based on electron heating effect and the RS
is used for direct measurement of HPM pulses in the
transmission lines and free space. The resistive sen-
sors developed for rectangular waveguides are used in
laboratories dealing with HPM pulses worldwide. Un-
fortunately, the RS for the circular waveguide has not
been designed yet.
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Fig. 1. The view of lines of the electromagnetic field in a circular waveguide for mode TEo;.

2. Electromagnetic field components

Although the TEy; mode is the simplest TE mode in
the circular waveguide, it is not the lowest one. The
critical frequency of the TE;; mode in a waveguide
is twice that of the lowest TE;;.The view of lines of
the electromagnetic field in the circular waveguide for
mode TEg; is presented in Fig. 1. The regular wave
has only three components: F,, H,, and H. They are
independent of the azimuthal angle . Dependences of
the amplitudes of the regular wave on the radial r and
axial z coordinates can be expressed in the following

way [8]:
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Here the coefficient A is measured in electric field
units and depends on the power propagating through
the waveguide, A, )y, and \. are the wavelength of
electromagnetic oscillations in free space, in a wave-
guide, and the critical wavelength for the TE(p; mode,
respectively, £g and pg are the vacuum permittivity and
permeability, Jy and J; are the corresponding order
first kind Bessel functions, po; = 3.832 is the root
of Ji: Ji(po1) = 0, and a is the radius of the wave-
guide. In the interval O—ug; Bessel function J; reaches
its maximum at p117 = 1.841, where 11 is the root of
the first derivative of J;. Therefore, the maximum of
the components E, and H, in the radial direction is
almost halfway between the centre and the wall of the
waveguide (r/a = p11/po1 = 0.4804).
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Fig. 2. A plate of the semiconductor with metal contacts on the wall

of the circular waveguide: (a) contacts on the top and bottom sur-

faces — vertical configuration, (b) contacts on the sidewalls — hori-

zontal configuration, and the practical realization of the (c) vertical

and (d) horizontal configurations in the circular waveguide using
plane samples.

|

The critical wavelength for the TEy; mode A\, =
1.640a [8], and the wavelength in the waveguide is ex-
pressed as

A
Aw = —F———e. 4
V= O @
The power transfer by the TEp; mode can by
straightforwardly computed by integrating the Pointing
vector over cross-sectional area of the waveguide.
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Fig. 3. Sectional view of the modelled circular waveguide with obstacle in (a) 0z plane and (b) zOy plane.

3. Layout of the sensing element

As already mentioned in Introduction, the perfor-
mance of the RS is based on electron heating effect
in semiconductors. Thus, the sensing element (SE) is
actually a resistor made of n-type Si with two ohmic
contacts. An electric field of electromagnetic wave
heats electrons in the SE, its resistance increases, and
by measuring this resistance change the pulse power of
electromagnetic wave in the waveguide is determined
[7]. Therefore, any plate inserted in the waveguide
with properly arranged contacts could serve as a SE.
Depending on the position of the metal contact on the
plate, we propose two configurations shown in Fig. 2.
We named “vertical” the plate with the contacts on
its top and bottom, shown in Fig. 2(a), while a plate
with the contacts on sidewalls was named “horizontal”
(Fig. 2(b)). These two names will be used further with-
out quotes to denote the particular configuration of the
SE.

The possible practical realization of the vertical de-
sign using plane samples is shown in Fig. 2(c). It is
seen that the proposed RS consists of two separate SEs
placed in a close proximity to each other. Their top
contacts are shorted with a thin metal foil. The bottom
contact of one of the SEs is grounded while the other
one is isolated from the waveguide and is used for the
RS feeding and the output signal measurement. Actu-
ally, the sensing elements are connected in series with
respect to the DC current but in parallel with respect to
the microwave electric field.

The realization of the horizontal configuration is de-
picted in Fig. 2(d). It is seen that the plane SE is simply
laid on the isolating dielectric on the wall of the wave-
guide. One of contacts of the SE is grounded, while the
other one is isolated from the waveguide and is used for
the RS feeding and the output signal measurement.

Comparing the vertical and horizontal configura-
tions it can be concluded that, on the one hand, the
vertical configuration can be simpler realized using the
soldering technique for mounting of samples in the
waveguide. It will not be the case for the horizontal
configuration where the SE should be isolated from the
wall of the waveguide. On the other hand, horizon-
tal configuration might be more acceptable from the
viewpoint of homogeneity of the electric field in the
SE since the metal contacts are perpendicular to the di-
rection of the electric field E, in the regular wave. In
the vertical configuration, the contacts in general are
parallel to the E, therefore the regular component is
zeroed by the contact surface.

4. FDTD method

For the calculation of electromagnetic field compo-
nents in the waveguide with semiconductor obstacle we
have used FDTD method [9, 10], application of which
for cylindrical coordinate system will be given below.

The modelled section of the waveguide with the ob-
stacle is shown in Fig. 3. We used a cylindrical coor-
dinate system and dimensionless coordinates and time:
r/a, ¢, z/a, tv/a, where v is the velocity of light in
free space and a is a radius of the waveguide. In the
plane z = zex, the TEy; type wave is excited. It prop-
agates into both sides from the excitation plane. The
obstacle is placed at one wavelength in the waveguide
ahead from the excitation plane and at the same dis-
tance before the right side of the modelled waveguide
section. In the planes z = 0 and z = 2z, nonre-
flecting boundary conditions are satisfied. Therefore,
the waves travelling left from the excitation plane as
well as reflected from the semiconductor obstacle are
absorbed in the plane z = 0, whereas the wave pass-
ing semiconductor structure is absorbed in the plane
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Z = Zmax. Due to the reflection from the semiconduc-
tor obstacle a partly standing wave is formed between
planes z = zex and z = z,,. From the amplitude dis-
tribution in this area, the reflection coefficient was de-
termined.

Although the regular TEq; type wave has one elec-
tric field component £, and two magnetic field compo-
nents H, and H, (Eqgs. (2) and (3)), in the vicinity of the
SE all electromagnetic field components might appear.
Therefore, to determine the average electric field am-
plitude in the semiconductor obstacle Maxwell’s equa-
tions have to be solved computing all six components
of the electric and magnetic fields. Making use of
dimensionless variables and expressing the magnetic
field strength in electric field units ZyH, where Zj is
an impedance of free space, Maxwell’s equations in
the semiconductor obstacle can be written down in a
following way:

9E VxH-E

T 5 ; )
OH
ﬁ——VXE, (6)

where v = Zya/p accounts for losses in the structure.
Here p and ¢ are the specific resistance and relative di-
electric constant of the semiconductor obstacle and it
is assumed that 4 = 1 for the entire simulation area.
Outside the semiconductor obstacle y =0 and € = 1.

Making use of cylindrical coordinates for the calcu-
lation of the curl of the electric and magnetic field and
replacing time and coordinate derivatives in (5) and (6)
with finite differences, one can obtain the following set
of equations for updating new values of the components
from the older ones:
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In (7)-(12) At, Ar, Ap, and Az are time and cylin-
drical coordinate steps, lower indexes ¢, 7, and k stand
for r, ¢ , and z. The upper index n denotes the number
of a time step. The grid of points where the particu-
lar component is computed is shifted at a half of step
with respect to each other as it has been proposed by
Yee [9]. Moreover, electric and magnetic fields are cal-
culated at different time moments providing h? accu-
racy in the calculation of both space and time deriva-
tives. The details of the application of this technique
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to the cylindrical coordinate system can be found in
the monograph [10]. The grid can be chosen in such a
way that it starts and finishes with the points where the
electric field components should be calculated. For the
investigated frequency range real metals can be suffi-
ciently precisely simulated using so-called perfect elec-
tric conductor approximation, which assumes that tan-
gential electric field components are simply zeroed on
the metal surface. Therefore, the components £, and
L, are zeroed on the waveguide walls. Also, the grid
has been chosen in such a way that tangential electro-
magnetic field components were located in the contact
plane and consequently were zeroed during FDTD up-
date. Depending on the considered configuration of
the SE, corresponding components of the electric field
are set to zero on the metal contacts: E, and E, for
the vertical configuration, F, and E, for the horizontal
one. In the planes z = 0 and z = zp,,x nonreflecting
boundary conditions for the components F,. and E, are
satisfied.

At t < 0 there are no electromagnetic fields in the
modelled section of the waveguide, therefore all com-
ponents of the electric and magnetic field are set to
zero. When the dimensions of the semiconductor ob-
stacle are much less than the characteristic dimensions
of the waveguide, its influence on the wave propagat-
ing in the waveguide is comparatively small. In such a
case, by filling the waveguide with the ordinary TEg;
wave components, the stationary solution is achieved
faster.

In choosing the time step, the Courant criterion for-
mulated for 3D cylindrical coordinate FDTD procedure
in [11] has to be taken into account. Considering the
waveguide with the obstacle in an 0y (Fig. 3(b)) plane
and having in mind that components of the regular
TEg; wave are independent of ¢, one can see that the
distribution of electromagnetic field amplitudes should
be symmetrical with respect to the x0z plane. There-
fore, saving the computer memory only a half of the
waveguide window is modelled.

Considering expressions for updating components of
the electromagnetic field (7)—(12) it is seen that some
of them, namely H, (7), E, (11), and E (12) cannot
be straightforwardly computed at ¢ = 0 (» = 0). This
fact is known as the numerical singularity of a FDTD
scheme in cylindrical coordinates at » = 0 [10]. A
variety of numerical procedures dealing with the sin-
gularity has been proposed. More widely an integral
form of Maxwell’s equations near » = 0 [12,13] and
the series polynomial expansion in the radial direction
[14, 15] have been used to resolve the problem. We

have followed the simple method proposed in [16] and

based on the use of the Cartesian coordinate system in

the vicinity of » = 0 leading to the following expres-

sions for calculation of the components at 7 = O:
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= (j + 1) Ap. The second index in H,,
and E,, is formal, denoting the values of the component
on the x or y axis. Thus, the components H,, F., and
E, at 7 = 0 can be straightforwardly computed using
(13), (14), and (15). The only restriction is imposed
on the azymuthal step A size. It should be chosen as
w/(2n), wheren = 1,2, ... .

where i1
2

5. The program

The program computing the electromagnetic field
components was written using C++ programming lan-
guage. It works as follows. During calculations the
amplitudes of the particular component of the electro-
magnetic field at each point of the investigated structure
are summed and stored in additional arrays. After each
period, the amplitudes of the component £, are cal-
culated. The values of £, for j = % and each 7 and k
are compared with the values calculated one period ear-
lier. The calculations are terminated when the largest
difference between these values is less than the prede-
termined value §. Otherwise, the successive period is
modelled. The number of periods that are necessary
to model depends on the obstacle size and specific re-
sistance. For small obstacles, the difference between
amplitudes less than 0.01 can be achieved after 3 peri-
ods.
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Fig. 4. Dependence of the reflection coefficient (power) on the

width of the dielectric wafer. The wafer is inserted into circu-

lar waveguide, mode TEq;. Lines show analytical solution, points
demonstrate calculation results of the FDTD modelling.

Calculations have been performed for the waveguide
with the inner radius ¢ = 2 cm. For such waveguide
the critical wavelength for the TEg; mode is A\, =
3.28 cm that corresponds to the cutoff frequency f. =
9.14 GHz. We performed calculations starting from
fe/f =09, f = 10.16 GHz, towards higher frequen-
cies. Typical dimensionless values of steps used in cal-
culations were Az = Ar = 0.025, Ay = 1.406°,
At = 3-107%, the value of the absolute error § was set
to 0.01.

5.1. Comparison with analytical solution

Written program has been tested by comparing com-
puted results with the analytical solution. The reflec-
tion coefficient from the width d dielectric wafer that
is tightly inserted into the circular waveguide so that
it fully covers its window was calculated. On the one
hand, the reflection coefficient from such obstacle can
be calculated using the program described above. On
the other hand, it can be computed analytically consid-
ering a plane wave incident at angle © from the normal
to the dielectric plate of width d. For TEy; mode the
wave with E in the plane of incidence should be con-
sidered.

Calculation results obtained using our FDTD pro-
gram and the analytical solution for two different fre-
quencies are shown in Fig. 4. The radius of the waveg-
uide, the relative dielectric constant and the electro-
magnetic wave frequency are given in the figure. It
is seen that at some thickness of the wafer the Fabry—
Pérot resonance conditions are fulfilled, the wafer
brightens, and the reflection coefficient goes to zero.
Good coincidence between the numerical results and
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Fig. 5. Dependence of the average electric field in the obstacle on

the number of points that are taken in the half of it in a transverse

direction. Dimensions of the SE h x d x [ = 2x7.5x4 mm?, its

specific resistance p = 20 €2 cm, the radius of the waveguide a =
20 mm, and frequency f = 11.4 GHz.

analytical solution supports the validity of the FDTD
program used in the calculations.

5.2. Number of points in the SE in transverse direction

From stability criterion of the FDTD solution in
cylindrical coordinate system formulated in [11] it fol-
lows that while using fine meshes in both radial and az-
imuthal directions, the time step should be taken very
short to provide stable solution. Therefore, when mod-
elling the obstacle in the circular waveguide, it is very
important to know how many points should be taken
within it in  direction to get an acceptable accuracy of
the average electric field.

Results of the calculations of the average electric
field in the SE for the different size of step Ay are
shown in Fig. 5. As usual, we modelled a half obsta-
cle in the azimuthal direction. Consequently, the num-
ber of points denoted on the abscissa axis corresponds
to a half obstacle. As one can see from the figure, 4—
5 points in transverse direction is sufficient to get cal-
culation accuracy within +5%.

6. Distribution of the electric field components
within the SE

To have an idea about the electric field amplitudes
in the obstacles of vertical and horizontal configura-
tions an example of calculated distributions of the elec-
tric field components within the SE on different 0z
surfaces are presented in Fig. 6. The calculations
have been performed for the obstacle with dimensions
h xdxl =2x46x8 mm? and specific resistance
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Fig. 6. Calculated distribution of the electric field components on a ¢0z surface for the semiconductor obstacle of ¢ = 11.9 placed on the

wall of the circular waveguide: (a), (b), and (c) within an obstacle in vertical configuration, (e), (f), and (g) in horizontal configuration, (d)

and (h) in all modelled structure. Top distribution is on the surface where the amplitude E, is maximal in the regular TEo; wave, bottom

distribution is on the surface that corresponds to the midpoint of the sample in 7 direction. Dimensions of the SE h x d x | = 2x4.6x8 mm?,

p = 20 Q cm; the obstacle is modelled by 4x5x 16 cells; frequency 10.2 GHz; waveguide radius 20 mm; Ar = Az = 0.025, Ap = 1.4°,
At =3.0510"".
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of 20 Q2 cm. The SE was modelled by 4x5x16 cells,
the frequency was 10.2 GHz, and the waveguide ra-
dius was 20 mm. Since the distribution of electric
field components is symmetric, only a half of the SE
is shown in the figures.

Although the electric field in the regular TEg; wave
has the only component E, in the obstacle F, and FE,
are also excited. As one can see from Fig. 6, E, and
E, are zero in the symmetry plane (¢ = 0). Since the
obstacle is symmetric with respect to the 0z plane,
the waves propagating in the left and right side of the
waveguide should also be symmetric. Therefore, the
excited additional components, namely, E,, E,, and
H, should be antisymmetric:

E.(t,r,¢,z) = —E.(t,1,360°—p, 2), (16)

and consequently in the symmetry plane they should be
Zero.

Although the electric field in the regular TEg; wave
has the only component E, the metal contact on the
top of the SE in the vertical configuration effectively
prevents the penetration of F, into the bulk of the ob-
stacle. The main electrical component in the obstacle
for this case is E,. As already mentioned, this com-
ponent is antisymmetric therefore it decreases to zero
in the symmetry plane of the obstacle. As one can see
from Fig. 6(a—c), the difference between electric field
amplitudes on different surfaces is not so large. Closer
to the upper contact the electric field amplitude slightly
increases.

Considering electric field amplitude in the horizon-
tal configuration (Fig. 6(e-g)) one can see that £, com-
ponent, the only component in the regular TE(y; wave,
is the largest in the obstacle. E,. goes to zero at ¢ =
0 due to symmetry (16) and approaches zero near the
side wall of the obstacle due to a boundary condition
for the tangential electric field near the metal surface.
The same behaviour is characteristic of the component
E..

One can notice that the averaged electric field in the
obstacle mainly consists of a single component, E, in
vertical and F, in horizontal configuration, and the
same order of magnitude of the averaged electric field
is characteristic of the both configurations. The aver-
age amplitudes of the other two components are much
less than the dominant one.

However, as one can see from the distributions of
the components in all modelled space presented in (d)
and (h) subplots of the figure, horizontal configuration
of the sensor introduces a smaller perturbation of the
electric field in the plane of maximal F, amplitude

and smaller amplitude of reflections. For this partic-
ular case VSWR introduced by the obstacle was 1.09
and 1.06 for the vertical and horizontal configuration,
respectively. Such effect can be attributed to the orien-
tation of the metal contacts with respect to the electric
field of the incident wave. In general, the reflection
from the obstacle is sufficiently small in both cases and
the both configurations can be used as prototypes of the
RS in the circular waveguide.

7. Conclusions

The peculiarities of interaction of the semiconduc-
tor obstacle placed on a wall of a circular waveguide
with the mode TE(; have been investigated. Two dif-
ferent structures have been considered, with the con-
tacts on top and bottom planes (vertical configuration)
and with the contacts on sidewalls (horizontal config-
uration). A program based on the FDTD method was
written, tested, and used for the calculation of the elec-
tromagnetic field components in cylindrical waveguide,
reflection coefficient from the semiconductor obstacle,
and the average electric field in it employing cylindri-
cal coordinate system. The distribution of electric field
components within the semiconductor obstacle placed
on a wall of a circular waveguide and in all modelled
structure has been calculated. The averaged electric
field in the obstacle mainly consists of a single com-
ponent, E, in vertical and E, in horizontal configura-
tion, and the same order of magnitude of the averaged
electric field is characteristic of the both configurations.
The average amplitudes of the other two components
are much less than the dominant one. The reflection
from the obstacle is sufficiently small in both cases and
the both configurations can be used as prototypes of the
RS in the circular waveguide. The model and program
proposed here could be used for the calculation of the
optimal sensors parameters.
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PUSLAIDININKINES PLOKSTELES SAVEIKA SU TE;; MODA APVALIAJAME BANGOLAIDYJE

7. Kancleris, G. Slekas, V. Tamogiainas, R. Simnigkis, P. Ragulis, M. Tamositiniené

Puslaidininkiy fizikos institutas, Vilnius, Lietuva

Santrauka

Apzvelgti TEp: (Ho1) modos, sklindancios apvaliuoju bango-
laidZiu, privalumai bei panaudojimas kuriant mikrobangy prietai-
sus. ISnagrinéta galimybé sukurti rezistorinj jutiklj, skirta dide-
lés galios mikrobangy impulsams matuoti, panaudojant puslaidi-
ninking kliditj, esancia ant apvaliojo bangolaidZio sienelés. Pa-
sitilytos dvi jutiklio jautraus elemento realizacijos: vertikalioji,
kai kontaktai yra sukurti ant virSutinio ir apatinio puslaidininkinés
plokstelés pavirsiy, ir horizontalioji, kai metaliniai kontaktai sufor-
muoti ant Soniniy jutiklio plok§tumy. Aptartos galimos praktinés
jutikliy realizacijos, panaudojant ploksc¢ius jutiklius kaip jautriuo-
sius elementus. Pasirinktas puslaidininkinés klitities modelis ir pa-

teiktas Maksvelo lygciy cilindrinéje koordinaciy sistemoje spren-
dimo metodas. Elektromagnetinio lauko sandy skaiciavimui buvo
naudojamas baigtiniy skirtumy laiko skaléje metodas. Aprasyta
C++ programa, sukurta vidutiniam elektriniam laukui puslaidinin-
kinéje klittyje ir atspindZio koeficientui nuo jo skaiciuoti. Sukurtos
programos patikrintos lyginant skai¢iavimo rezultatus su analiziniu
sprendiniu. ApskaiCiuotas elektrinio lauko pasiskirstymas vertika-
lios ir horizontalios konfigliracijos puslaidininkinéje klitityje, esan-
¢ioje ant apvaliojo bangolaidZio vidinés sienelés, ir visame mode-
liuotame darinyje. Pasirodé, kad vertikalios konfigtiracijos jutiklio
viduje dominuoja E, elektrinio lauko sandas, kai tuo tarpu hori-
zontalios konfigiiracijos jutiklyje didZiausias sandas yra .



