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Interaction of a semiconductor plate with TE;; wave in a circular waveguide has been analysed for the purpose of optimizing
a frequency response of a resistive sensor (RS). The performance of the RS is based on the electron heating effect and it is
devoted to high power microwave pulse measurement. The semiconductor plate with contacts on its sidewalls serves as sensing
element (SE) of the RS. A three-dimensional finite-difference time-domain method (FDTD) was applied to simulate wave
propagation within a circular waveguide segment with the SE which is placed on a wall of the circular waveguide. The electric
field distribution, voltage standing wave ratio (VSWR), and the average electric field dependences on frequency have been
determined for several sets of dimensions and specific resistances of the SE. The parameters of the optimal SE were found.
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1. Introduction

Pulsed high power microwave (HPM) devices are
widely used in various areas of application. The main
device being used for the measurement of the HPM
pulse power is a semiconductor diode. However, when
the diode is used to measure HPM pulses, the initial
pulse has to be strongly attenuated and the measurement
accuracy decreases [1].

The RS (as an alternative device), performance of
which is based on the electron heating effect in semi-
conductors, has been described in detail in [1]. The SE
of the RS was inserted into a rectangular waveguide. Its
resistance increases when the electric field of the mi-
crowave pulse heats electrons in the SE. By measuring
this resistance change, the microwave pulse power in
the transmission line is determined.

The certain advantages of the RS compared with the
diode were accented in [1,2]. The RS can measure
HPM pulses directly, produces high output signal, is
overload resistant, and demonstrates very good long
term stability [1]. The RS has proved to be a very con-
venient means of diagnostics in microwave electronics,
especially for the measurement of short HPM pulses at
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a low repetition rate [2]. The typical experimental ar-
rangement for such measurements is simple and flexible
[2].

The possibility to use a semiconductor obstacle
placed on the wall of a circular waveguide as the re-
sistive sensor has been analysed in [3].

Having in mind the drawbacks of the measurement
of HPM pulses in facilities employing circular waveg-
uides in the output, the RS, in the circular waveguide
operating at TEg; (Hp1) mode whose losses decrease
with increasing frequency, has been developed in our
previous paper [4]. However, TEy; mode propagating
in a circular waveguide is not the lowest one [5]. The
lowest TE1; (Hj1) mode is frequently employed in the
experiments and it is considered in [6—10].

It was noted in [6] that circular waveguides are
widely used in the fabrication of many passive compo-
nents, in order to implement resonant cavities as well
as irises to connect adjacent guides for particle accel-
erators. Mode coupling in elliptically distorted over-
moded circular waveguides has been studied in [7] the-
oretically and experimentally in order to optimize TE1;
mode polarizer for HPM pulses at 70 GHz. The fre-
quency performance of TE;; mode circular waveguide
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filters is analysed in [8]. A theoretical analysis em-
ploying a method in which electromagnetic fields are
represented in the form of transmission equations is pre-
sented. In [9], where a high power (50 MW) microwave
amplifier is analysed, the collector transforms the cable
wave of the plasma into the TE;; wave of the output
circular waveguide. The circular iris in a TE;; mode
circular waveguide is analysed by Galerkin method in
[10]. A comparison between calculated and measured
TE;; mode parameters at two frequencies is presented.

Our activities in this paper will be concentrated on
the elucidation of the peculiarities of the interaction of
the electromagnetic TE;; wave, propagating in the cir-
cular waveguide, with the semiconductor plate placed
on the waveguide wall. Our task is to find such param-
eters of the plate that it could serve as the prototype of
the SE for the circular waveguide RS.

2. TE;; mode in circular waveguide

The regular TEq; wave has five components: E,, £,
H,, H,,and H, [5]. Dependences of the amplitudes of
the regular wave on the radial r and azimuthal ¢ coor-
dinates can be expressed in the following way [5]:
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Here the coefficient A is measured in electric field units
and it depends on the power propagating through the
waveguide, A, A, and \; are the wavelength of electro-
magnetic oscillations in free space, in a waveguide, and
the critical wavelength for the TE;; mode, respectively,
€op and o are the vacuum permittivity and permeabil-
ity, J1 and Ji are the first kind and first order Bessel
function and its derivative, x11 = 1.8412 is the root of
Ji: J{ (x11) = 0, and a is a radius of the waveguide.
The maximum of radial and azimuthal components
of the electromagnetic field is reached in the centre of

the waveguide while the axial component of the mag-
netic field gets its maximum at a metal wall of the cir-
cular waveguide.

3. Resistive sensor in circular waveguide

The SE is actually a resistor made from n-type Si
with two ohmic contacts [1]. The practical realiza-
tion of the SE for cylindrical waveguide is shown in
Fig. 1(a). It is seen that the SE is put on a dielectric.
One contact of it is grounded, while the other one is iso-
lated. The same layout of the SE has been used in our
previous papers [3, 4] where the RS for TEp; mode has
been analysed. Cross-sectional view of the modelled
structure in a cylindrical coordinate system is shown in
Fig. 1(b). Azimuthal d and radial 4 dimensions of the
SE are shown in the figure. The length of it in a wave
propagation direction is denoted as /.

As follows from (1) and (2), amplitudes of the elec-
tric field of the regular wave depend on azimuthal angle
. The component E, is a maximum at ¢ = 0° (1),
while the component £, is a maximum at ¢ = 90°.
Since the average electric field in the SE might be de-
pendent on the angle between it and the polarization
plane, the calculations should be performed for the SE
placed at different angle ¢ in respect of the polarization
plane (see Fig. 1(b)).

Like in [4], the main requirements for SE can be for-
mulated as follows: first, it should not cause consider-
able reflection in the waveguide, so the value of VSWR
has been set at <1.2; second, the RS should be able
to measure nanosecond-duration HPM pulses; there-
fore, the DC resistance of the RS should not exceed 50
Q; finally, the flat frequency response of the RS in the
waveguide’s frequency band is preferable.

It is well established that in the limit of a slightly
heating electric field the relative resistance change is
proportional to the square of electric field [1]. We con-
sider a sensitivity of the RS in the linear region where
the output signal is proportional to the pulse power
P propagating in the waveguide. Since the resistance
change of SE is a quantity indicating the pulse power in
the waveguide, it is convenient to define the sensitivity
of RS as

_AR/R _ p*(E)°

where 5* is a so-called effective warm-electron coeffi-
cient [1] and (F) is an average amplitude of the elec-

tric field in the SE. In general, the effective warm elec-
tron coefficient is frequency dependent and it decreases
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Fig. 1. (a) Practical realization of the SE in the circular waveguide and (b) its model in a cylindrical coordinate system. ¢ in (b) denotes the
angle between the centre of the SE and polarization plane.

while the frequency increases. In the present investi-
gation we do not take into account this effect therefore
our findings can be used up to and including the X-band
where the decrease of 5* with frequency is less than 3%.

The power transfer by the TE1; mode can by straight-
forwardly computed by integrating the Poynting vector
over cross-sectional area of the waveguide. Inserting
the result into (6) one can get the following expression:

VT ) <<E>>27 .
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describing the sensitivity of RS in the linear region.
Ey in (7) denotes the maximum of electric field ampli-
tude in the regular TE;; wave in the centre of an empty
waveguide and coefficient B is expressed as

B = [Jg (x11) + (1 - 22> Ji (Xu)} . ®)

X11
The Bessel function values are: Jy (x11) = 0.3160 and
J1 (x11) =0.5819. The average electric field is the only
unknown quantity in (7). Thus after determining it, the
sensitivity of RS in the linear region can be calculated.

Except (E) the only multiplier in (7) that influences
the dependence of sensitivity of RS on frequency is the
square root appearing in the denominator of the expres-
sion. It indicates the fact that even at the same power
level transmitted through the waveguide, the electric
field strength in it decreases with frequency because of
the wave dispersion in the waveguide. This, in turn,
leads to the decrease of sensitivity.

Circular waveguides with the TE;; mode are usually
employed in the frequency range A /. = 0.85-0.6[11].
From (7) it is easy to get that the sensitivity in this fre-
quency range decreases by a factor of 1.52. If the av-

erage electric field in the SE increases by a factor n =
1.23 in the same frequency range (see (7)), it will com-
pensate the decrease of sensitivity due to the wave dis-
persion in the waveguide. As a result, the RS with flat
frequency response will be developed.

Considering this fact and the requirements for the RS
formulated above, we performed calculations of the av-
erage electric field in the SE with a goal to find the RS
with the optimal frequency response. When (E) is de-
termined, the dependence of AR /R on P can be calcu-
lated in a wider dynamical range of the power transmit-
ted through the waveguide in a similar way as in [4]:
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where k7 describes the deviation of AR/ R from quadratic
dependence. Typical values of 5* and k;; for n-type Si
at a room temperature are collected in [1].

Though the regular TE; type wave has five electro-
magnetic field components (see (1)-(5)), the £, com-
ponent might also appear in a vicinity of the SE. There-
fore, to determine the average electric field amplitude in
the semiconductor obstacle Maxwell’s equations have
to be solved computing all six components of the elec-
tric and magnetic fields.

We used the FDTD method [12] for the calculation
of electromagnetic field components in the structure.
Details about the FDTD application for simulation of a
wave propagation within a circular waveguide segment
with the SE can be found in [3,4]. To overcome the
singularity at » = 0 we have followed a method pro-
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(b)

Fig. 2. (a) Average electric field in the dielectric obstacle versus frequency for several polarization angles of the incident wave and (b) dis-
tribution of the electric field averaged in ¢ direction within the SE at the resonance frequency 13.1 GHz and ¢ = 90°. Dimensions of the
obstacle are indicated in the figure.

posed in [13] that is based on the use of the Cartesian
coordinate system in the vicinity of » = 0.

Calculations have been performed for a waveguide
with the inner radius ¢ = 1 cm. For such radius of the
waveguide the critical wavelength for the TE;; mode is
Ac = 3.41 cm that corresponds to the cutoff frequency
fe = 8.78 GHz. We performed calculations starting
from f./f = 0.85, f = 10.3 GHz, towards higher fre-
quency. Typical dimensionless size of steps used in cal-
culations were Az/a = Ar/a = 0.025, Ap = 1.406°,
At - c/a = 3-107%, where c is the velocity of electro-
magnetic waves in free space.

4. Modelling results

In [4], considering the obstacle with the contacts on
its sidewalls in the circular waveguide with TEp; mode,
it was shown that E, is the major electric field com-
ponent in the SE. The same peculiarity is characteristic
of the obstacle in the cylindrical waveguide with TE
mode.

For an obstacle placed at ¢ = 90° the dependences
of the resonance position on the electrophysical param-
eters of it are the same as for the obstacle in the waveg-
uide with TEp; mode presented in [4]. As usual, an
increase of length [ leads to a shift of resonance posi-
tion to a lower frequency, and an increase of specific
conductivity causes a decrease of electric field strength
in the SE. An increase of h leads to a shift of resonance
to a lower frequency while an increase of width d does
not influence much the position of resonance.

We performed additional simulations to elucidate the
dependence of position of the polarization plane of in-

cident wave, in respect to the centre of SE, on the reso-
nance position and amplitude. Results of the simulation
are shown in Fig. 2(a). It is seen that a clear resonance
was obtained at 13.1 GHz. The amplitude of the electric
field decreases when the polarization plane approaches
the SE. Averaged in the azimuthal direction distribution
of the electric field at ¢ = 90° is shown in Fig. 2(b). It
is seen that the half wave resonance in the wave propa-
gation direction is excited in the structure.

In the configuration investigated here, semiconduc-
tor is surrounded by three metal interfaces (two con-
tacts and a wall of the waveguide). Thus, zero tangential
electric field boundary condition on the third interface
strongly influences the electric field distribution in the
SE.

It is worth noting that the position of the resonance
can be easily shifted in the frequency scale by changing
either the length or the height of the SE while, by chang-
ing the specific resistance, the average electric field in
the SE can be adjusted. The general scheme of opti-
mization has been based on two issues: (i) by changing
the dimensions of SE the resonance is put in a “right”
place in a frequency scale, (ii) by changing the specific
resistance of SE the desirable value of 7 is achieved.

4.1. Frequency response optimization

During our investigation, two possible scenarios for
optimizing the sensor were considered. First, short sen-
sors (I = 0.3-0.4 mm) were investigated since they
should not distort too much the electric field in the
waveguide. By changing the specific resistance of SE, it
should be possible to employ the interplay between con-
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Fig. 3. Dependences of (a) the average electric field within the sen-

sor and (b) VSWR on the angle between centre of the SE and polar-

ization plane of the incident wave for several frequencies. The ratio
E, /sin ¢ is also plotted in (a) for f = 14.5 GHz.

duction and displacement currents for obtaining the de-
sirable electric field increase with frequency. Results of
these simulations show that it is possible to get electric
field ratio 7 close to the desired value 1.23 and simulta-
neously lower than 50 €2 resistance, however some prac-
tical problem appears. For such a sensor we found that
small change of d leads to a substantial increase of the
ratio 7. Therefore, the practical realization of the sen-
sor could face some difficulties due to unintentional size
and positioning variations.

In addition to the investigated short sensors, we also
performed series of calculations for fixed width d =
1.77 mm and height A = 2 mm but increasing the length
of the SE in a wave propagation direction /. Unfortu-
nately, the increase of [ leads to the monotonous de-
crease of the electric field ratio 7 for considered specific
resistances. Such results indicate that the larger sensors
should be investigated due to two reasons: (i) once the
length and/or height of the SE is increased, a lower re-
sistance is obtained, (ii) the larger size of SE enhances

the possibilities to exploit electric field increase near the
resonant frequency.

Results of the simulation for d = 1.57 mm SE show
that the increased height (h = 4 mm) and length (I =
3-7 mm) leads to the increase of 7. This is an indi-
cation that higher sensors become “massive” enough to
have resonant frequency near the end of the investigated
frequency range providing a more suitable dependence
of the electric field on frequency. Another favourable
feature of this layout becomes noticeable when explor-
ing ratios 7 for fixed [ and various d values. Electric
field at higher frequency tends to grow faster once the
width d is reduced. This feature is particularly impor-
tant, since reduced width can potentially decrease the
reflection coefficient from the sensor. It should also be
emphasized that 1 changes smoothly once the dimen-
sions are changing within 0.5 mm and therefore such a
sensor should be more suitable from practical point of
view.

4.2. Properties of optimal sensor

We calculated the parameter n for different size and
specific resistance sensing elements. Results of simu-
lation show that the SE with dimensions & x d x [ =
4x0.4x3.5 mm3, p =20 Qcm, R = 5.6 Q has the
value of 7 close to 1.23. Therefore such sensor has been
selected for a more detailed investigation. Dependences
of the average electric field and voltage standing wave
ratio on polarization angle for three frequencies are pre-
sented in Fig. 3. From Fig. 3(a) it follows that the an-
gular dependence of the average electric field in the SE
at 14.5 GHz almost perfectly matches the sin ¢ depen-
dence that is characteristic of the regular £, compo-
nent of the incident TE;; wave. It seems that similar
angular dependence is typical of the other frequencies
as well. Such property can be attributed to the geom-
etry of the SE. It is thin in ¢ direction and its metal
contacts are perpendicular to the £, component. It is
seen that the SE perfectly detects the maximum of the
E, amplitude (¢ = 90°) at every frequency, therefore
such device can act as a nearly perfect sensor for the
measurement of a local E, value. Unfortunately, metal
contacts perpendicular to the walls of the waveguide in-
troduce substantial reflections once the SE is placed in
the position where F, value is at its maximum. As fol-
lows from Fig. 3(b), the VSWR increases substantially
for small ¢, reaching almost the value of 2.2 when the
SE is placed in the position ¢ = 0°.

Once the electric field strength in the SE is deter-
mined, the dependence of relative resistance change on
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Fig. 4. Dependences of (a) sensitivity and (b) normalized sensitivity
on frequency for the optimal sensor for a few polarization angles in-
dicated in the figure. In (b) the sensitivity is normalized to the aver-
age of minimum and maximum values in the considered frequency
range. It remains nearly the same within 1.2% for all angles.

power transmitted through the waveguide can be calcu-
lated. Calculation results are shown in Fig. 5 by a solid
line. Dotted line corresponds to the linear dependence
of AR/R on P that is characteristic of the warm elec-
tron region. It is seen that at a maximum power roughly
35% relative resistance change of the SE is observed.
Due to a small width of the optimal SE, the average
electric field in it consists of £, component only. The
amplitude of the component E,. is roughly 10~% and E,
is even smaller.

Therefore for the practical application the current
sensor should be rotatable, enabling one to place it in
the position perpendicular to the polarization plane of
the incident wave. As follows from Fig. 3(b), the reflec-
tion from the SE can also indicate the desirable position
of the SE in respect of polarization plane. At ¢ = 90°
VSWR is at its minimum.

An extensive investigation has been performed to re-
veal more details of the dependence of sensitivity on

hxdxl = 4x0.4x3.5 mm°, p =20 Q cm

- f=13.6 GHz /
: _ .

107}

ARIR

10'3 I £ 3 1 i iy ) ] RN S S N Y
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P, W
Fig. 5. Calculated dependence of the relative resistance change of
the optimal RS on power transmitted through the waveguide at f =

13.6 GHz. Solid line shows results calculated using (10), dotted line
corresponds to the linear dependence.

frequency. Results of the simulation are presented in
Fig. 4. As it can be expected, the sensitivity increases
with the increase of the angle . It was already men-
tioned that an increase of the angle leads to a growth
of the component E, of the incident wave near the SE.
Unfortunately, the absolute value of sensitivity varies
within £14% over the entire frequency range. However,
normalized sensitivity remains the same within 1.2%
for every fixed frequency, confirming that this device
can be of some use as nearly the ideal sensor for a fixed
frequency to determine the position of the polarization
plane in the waveguide.

Distributions of the electric field components in the
waveguide section with the SE are shown in Fig. 6. The
distribution of the components F, (Fig. 6(a,d)), E;
(Fig. 6(b)), and FE, (Fig. 6(c)) in different ©0z planes
are presented. It is seen that due to a small width of SE,
the perturbation of regular components of TE;; wave
at ¢ = 90° is small (Fig. 6(a,b)). VSWR for this par-
ticular case is roughly 1.02. Some perturbation of the
regular wave is seen in the planes close to the SE. The
component F, that is absent in the regular wave is ex-
cited but its amplitude is very small — less than 1% —
in the centre of the waveguide. It becomes more sig-
nificant in the obstacle or near it. The distribution of
electric field changes significantly when the position
of the SE coincides with polarization plane (Fig. 6(d)).
Partly standing wave between the SE and the excitation
plane appears demonstrating strong reflection from the
SE. VSWR for this particular case is roughly 1.6.
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Fig. 6. Distributions of the components of electric field in the waveguide with the SE on the different surfaces ¢0z at f = 10.3 GHz: E,
at (@) ¢ =90° and (d) ¢ =0° forr = (¢ — 1) Ar; (b) E, at o =90° forr = (i — 0.5) Ar; (¢c) E, at ¢ =90° forr = (i — 0.5) Ar.
Calculation parameters: Ar = 0.025, Az =0.05, Ap =2.8°, At = 6.10-10%. Dimensions of the SE are h x d x | =4.0x0.4x3.55 mm?,
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5. Conclusions

Two possible scenarios for obtaining a nearly flat fre-
quency response of the sensor were considered. One
possibility is to build a very short, narrow, and rela-
tively high sensor. However, in this case its sensitivity
is very susceptible to small changes of dimensions. An-
other possibility is a narrow plate shaped sensor. The
optimal SE found at a moment should have the follow-
ing parameters: h x d X [ = 4x0.4x3.5 mm?, p =
20 Qcm, R = 5.6 . Such sensor retains the depen-
dence of its normalized sensitivity on frequency for a
changing angle between the sensor’s position and po-
larization plane of the incident wave, but the sensitiv-
ity changes quite substantially (£14% of the average
value) in the frequency range of 10.3-14.5 GHz. There-
fore, such sensor should be more applicable for fixed
frequency but variable polarization experiments.
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Santrauka

Apzvelgti darbai, kuriuose naudojami apskritieji bangolaidziai
su jais sklindanc¢ia TEq1; moda. Pateikti rezistorinio jutiklio (RJ),
skirto didelés galios mikrobangy impulsy matavimui, privalumai
lyginant juos su puslaidininkiniais diodais. Nagrin¢jama galimybé
sukurti RJ, skirta TE11 modos, sklindancios apskrituoju bangolai-
dZiu, didelés galios mikrobangy impulsams matuoti. RJ jautrusis
elementas (JE), kurj sudaro i§ n-Si pagamintas tarinis bandinys, yra
patalpintas ant apskritojo bangolaidZio sienelés. Metaliniai kontak-
tai suformuoti ant Soniniy jutiklio plokS§tumy. Suformuluoti reikala-
vimai jutiklio JE: jutiklis turi nesukelti Zymesniy atspindZiy bango-
laidyje (stovincios bangos koeficientas <1,2), minimali jutiklio iS-
vado signalo daZniné priklausomybé — uZtikrinti galimybe matuoti
nanosekundinés trukmeés impulsus (JE varza negali vir§yti 50 £2).
IStirta JE saveika su TE1; modos elektromagnetine banga apskrita-
jame bangolaidyje placiame daZniy intervale. Skaiciavimai atlikti
naudojant baigtiniy skirtumy laiko skaléje metoda. IeSkant optima-
liy JE parametry skai¢iuota elektrinio lauko pasiskirstymas, stovin-
¢iosios bangos koeficientas ir vidutinio elektrinio lauko priklauso-
mybés nuo daznio kelioms skirtingy matmeny ir savitosios varZos
RJ jautriyjy elementy serijoms.

Tyrimy rezultatai atskleidé kelius optimalaus RJ korimui. Pir-
miausia buvo iSnagrinéta galimybé sukurti trumpa RJ, kurio ilgis

l = 0,3-0,4 mm, aukstis h = 2 mm, nes toks jutiklis maZiau iSkrai-
pytu elektrinj lauka bangolaidyje. Skai¢iavimo rezultatai parode,
kad imanoma sukurti trumpa RJ, kuris atitikty visus jam keliamus
reikalavimus, taciau nustatyta, kad, net neZymiai pakeitus tokio RJ
jautriojo elemento ploti d, gali Zymiai pakisti elektriniy lauky san-
tykis. Dél Sios prieZasties galéty kilti sunkumy gaminant RJ, todeél
buvo iSnagrinéta galimybé sukurti ilgesni jutikli (! = 3—7 mm). Ta-
¢iau (pasirinktoms JE medZiagos savitosios varZoms p) buvo stebi-
mas tik monotoniskas elektriniy lauky santykio mazéjimas, kai JE
aukstis buvo h = 2 mm. I$nagrinéjus RJ su aukStesniais JE (h =
4 mm), buvo nustatyti optimaltis JE matmenys bei savitoji varZa
(hxdxl=4x04x35mm?>, p =20). Apskaitiuotos vidutinio
elektrinio lauko optimaliojo RJ viduje ir stovinciosios bangos ko-
eficiento priklausomybés nuo kampo tarp jutiklio JE ir krintancios
bangos poliarizacijos plokStumos, esant skirtingiems elektromag-
netinés bangos dazniams, bei jautrio priklausomybés nuo daznio,
kai skyreési poliarizacijos kampai. Taip pat buvo apskai¢iuotos op-
timaliojo RJ santykinés varZos pokycio priklausomybés nuo bango-
laidZiu sklindancios galios ir elektrinio lauko sandy pasiskirstymas
bangolaidyje su JE. Skaic¢iavimo rezultatai parodé, kad pasirinktas
optimalusis RJ labiau tinka naudoti eksperimentuose, kai elektro-
magnetinés bangos daznis pastovus, bet gali biiti naudojamas po-
liarizacijos tyrimams.



