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ABSTRACT The paper analyzes the summation of the powers of two sources in a hemispherical open
resonator (OR) during its tuning. The first higher axially asymmetric TEMio, oscillation mode is excited in
the resonator. A circuit with an E- tee waveguide is proposed, which makes it possible to research the
summation of the powers using a Gunn diode. Studies of the conducting part of the millimeter range have
been undertaken. It is shown that the coefficient of powers summation of two sources in the OR using slot
coupling elements does not exceed 72%. The use of one H- polarized diffraction grating, which is in the
resonator, does not lead to a significant increase in the summation coefficient when moving it. This is due
to the excitation of the first type of TEMo, oscillations in the resonator.

INDEX TERMS Coupling element, diffraction grating, loaded Q-factor, oscillation mode, open resonator,

powers summation, transmission coefficient.

I. INTRODUCTION

ecently, great interest has arisen in the terahertz

frequency range [1-5]. Since the waves of this range
penetrate through paper, plastic, clothes, they can be used
for inspection in crowded places using active or passive
location methods. Terahertz waves are of interest for
analyzing the spectra of individual stars and galaxies.
Electromagnetic radiation of this range can penetrate
biological tissue at short distances and be reflected, which
makes it possible to diagnose some forms of cancer using
safer, less aggressive, and painful procedures. To solve not
only the listed, but also many other problems successfully,
compact coherent terahertz radiation sources are required to
provide output power levels sufficient for each specific
practical application. However, as the frequency increases,
the output power of both solid-state and classical vacuum
sources decreases. In the first case, this is due to the
increasing role of parasitic parameters of the device and
shortening the time of charge carriers flight in the active
region, and in the second one, with an increase in ohmic
losses and a deterioration in the efficiency of interaction of
the electron beam with one of the surface harmonics of the
slowing down system with a decrease in the geometric
dimensions of the device.

One of the possible ways to solve these problems is the
use of power combiners. Bridge circuits and the summation
of the powers of the individual sources in a single resonant
volume in the microwave range are most widely used [6].
With the transition to the terahertz (0.1<f (THz)<10)
frequency range [7], the requirements for the accuracy of
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manufacturing the element base increase. On the other
hand, to obtain a single-mode regime in cavity resonators,
their geometric dimensions must be comparable to the
operating wavelength. This leads to a decrease in the
volume occupied by the operating oscillation, and,
consequently, to the g-factor, which ultimately affects the
powers summation coefficient of the individual sources.
Therefore, in the indicated frequency ranges it is necessary
to switch to open resonators (OR), which are used when
adding the powers of solid-state sources in the EHF
(extremely high-frequency) range [8—12]. The sources of
oscillations are located in the resonant volume in almost all
of these works. In this case, there is a strong coupling of the
generators with the main resonator and, as a consequence,
with each other. This causes difficulties in tuning the power
combiner and makes such systems critical to the scatter of
individual sources parameters, even with a small number of
them [13]. In this regard, the most promising ones are ORs
with sources removed from the resonant volume [14, 15].
This ensures synchronization of active elements, and the
connection between them becomes weaker. All summable
sources are connected with resonator oscillation using slot
coupling elements. In this case, the loaded Q-factor of the
working oscillation will be significantly higher. This is of
great practical importance when constructing power
compressors [16] based on OR. The powers of several
sources are added in the resonant volume. This power is
output from the resonator in a time significantly less than
the time for setting the oscillation in the OR. Due to this, it
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is possible to create pulse sources that do not have analogs
in the indicated frequency range.

To sum up the powers of solid-state sources in OR, the
basic mode of TEMaoo, oscillations is used [10, 11, 15]. In
this case, all slotted coupling elements must be made within
the spot of the field of the main oscillation of the resonator
on a flat mirror. In our opinion, the most promising is the
use of higher types of OR oscillations in the Hermite-Gauss
functions for summing the powers of solid-state sources, as
was done in [14]. Here, the first higher axially asymmetric
mode of TEMio, oscillation characterized by two spots of
the operating oscillation field on a flat mirror is excited in
the resonator. A slotted coupling element is made in the
center of each spot of the field on the mirror. The powers of
the two sources are summed up in the resonator. The use of
oscillation types TEM2o; or TEM304 is not advisable. The
use of these types of oscillations will allow to add up the
powers of three (TEMzo; oscillation) or four (TEMs3oq
oscillation) sources in the OR. However, in these cases, it is
necessary to significantly increase the apertures of the
resonator mirrors to obtain low diffraction losses, which
will lead to an increase in the geometric dimensions of the
power combiner itself.

Therefore, it is of practical interest to analyze the
summation of the powers of two Gunn diodes in a
hemispherical OR during its tuning. To date, no studies
have been conducted on the effect of the distance between
OR mirrors on the power summation factor of individual
sources. It is difficult to find two Gann diodes that have the
same operating frequencies and equal output power levels.
Therefore, the study will use the original circuit on the E-
tee waveguide. The first higher axially asymmetric mode of
TEMio,; oscillation is excited in the resonator. The
relevance of these studies is also connected with the
possibility of the summation of the powers in the OR at the
harmonics of the fundamental frequency of the Gunn
diodes. This will allow to creation compact terahertz
sources, not only continuous, but also pulse action. In
addition, it is advisable to consider the effect of a strip H-
polarized diffraction grating, located in the OR volume, on
the behavior of the powers summation coefficient of two
solid-state sources.

Il. EXPERIMENTAL STAND

The block diagram of the experimental stand, using which
studies were carried out on the summation of the powers of
solid-state sources in a hemispherical OR, is shown in Fig.
1, and its appearance is shown in Fig. 2 and Fig. 3.

The OR is formed by flat mirror 19 with an aperture of 38
mm and spherical focusing mirror 22 with a curvature radius
R=39 mm and an aperture of 38 mm. The flat mirror has two
slotted coupling elements. The distance from the axis of this
mirror to the center of each of the two slotted coupling
elements is 3.5 mm. Both coupling elements are smooth
transitions 18 from a lowered section of 3.6 mm X 0.15 mm

to the main section of the waveguide 3.6 mm x 1.8 mm. With
the help of these coupling elements, the first higher axially
asymmetric mode of TEMio,; oscillation is excited in the
resonator. The signal is output from the resonator using one
of two slotted coupling elements made on a spherical mirror.
They also represent smooth transitions 24 from a lowered
section of 3.6 mm x 0.15 mm to the main section of the
waveguide 3.6 mm X 1.8 mm. Short-circuit piston 25 is
connected to the standard output of second waveguide 24
through a section of a curved waveguide 10 (see Fig. 3). The
distance from the center of the spherical mirror to the centers
of each of the two slotted coupling elements located on this
mirror is 5.5 mm. As in the case of a flat mirror (3.5 mm),
this distance, is determined by the maximum value of the
electric field strength of the TEMio, oscillation (L/R=0.6) at
both resonator mirrors.

A 3A728B Gunn diode (see Fig. 1), operating at the
second harmonic of the fundamental frequency is used as a
solid-state source 1. The generator frequency is 74.935 GHz,
the output power is 37 mW. To expand the dynamic range p-
i-n modulator 2 is included in the circuit, with the help of
which the EHF oscillations generated by the Gunn diode are
modulated with a frequency of 1 kHz from sound generator
3. To decouple the generator and the resonator, gate 4 is
included in the circuit, the direct losses of which are -0.53 dB
at a frequency of 74.935 GHz, and the return losses are -7.6
dB. The circuit also includes a directional coupler 5 to
control the frequency of the Gunn oscillator. This path
includes: section of waveguide 10, wave meter 11, detector
7, selective amplifier 8, and oscilloscope 9 (see Fig. 1).
Directional coupler 5 also includes a path that makes it
possible to measure the reflection coefficient /" from the
resonator, which includes: polarization attenuator 6, detector
7, selective amplifier 8 and oscilloscope 9 (see Fig. 1).

FIGURE 2. External view of the experimental stand without a resonator.
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FIGURE 3. External view of the investigated hemispherical resonator.

A distinctive feature of the block diagram under
consideration is that it allows to studying of the summation
of the powers of two sources in the OR using one generator
1. For this, waveguide E- tee 13 is included in the circuit,
which is connected to directional coupler 5 by waveguide
twist 12 (see Fig. 1 and Fig. 2). For the TEM o, oscillation of
the considered hemispherical OR, the electric field strengths
in adjacent spots possess antiphase vectors [17].

If a signal is applied to the arm I of E- tee waveguide 13
(wave TE1o of a rectangular waveguide), then the power of
this wave will be divided equally between arms II and III. In
this case, the electric fields of the TEio waves in arms II and
I will be antiphase at the same distance from the branching
(for the considered E- tee waveguide with a cross-section of
3.6 mm x 1.8 mm, this is 20 mm). If now the waveguide
curves in E- plane 14, waveguide twists 12, pyramidal horns
15, sections of dielectric waveguides 16, pyramidal horns 17,
and sections of rectangular waveguides 10 will have the same
length, connected to the arms II and III of the E- tee
waveguide, then the electric fields of the TEio waves
propagating along both paths (arms II and II) will be
antiphase at the entrance to the resonator and should have the
same amplitudes (see Fig. 1 and Fig. 2). Waveguide
transitions 18 from a reduced cross-section to a standard one
initially had the same lengths. And this is exactly what is
needed to excite the TEMioq oscillations in the resonator with
high efficiency. Dielectric waveguides 16 have a cross-
section of 3.6 mm x 2 mm. The apertures of horns 15 are
14.5 mm x 11.5 mm with a length of 19.5 mm. Homn
apertures 17 are 14.5 mm X 10.5 mm with a length of 26.5
mm.

The signal from the resonator is output using one of the
two slot coupling elements 24 and through polarization
attenuator 6 it is fed to detector 7, and then through selective
amplifier 8 to oscilloscope 9 (see Fig. 1 and Fig. 3). To find
the resonant transmission coefficient Kiansm, use the
following procedure. After tuning the system to resonance
with selective amplifier 8, we fix the signal level at the
output of the OR using measuring polarization attenuator 6.
Let it be equal to N1 (dB). After carrying out the entire cycle
of measurements at the output of directional coupler 5, we
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connect the receiving path consisting of polarization
attenuator 6, detector 7, selective amplifier 8, and a phase
shifter instead of the E- tee waveguide. Using the phase
shifter, we achieve the maximum signal level on the dial
gauge of selective amplifier 8. Changing the attenuation
introduced into the path, using attenuator 6, we achieve the
same signal level on amplifier 8. Let the signal level in this
case be equal to N> (dB). Then the field gain Kiansm=102V20,
where AN=N>-Ni1 (dB).

At the first stage, it is of practical interest to estimate the
losses in the paths connected to arms II and III of the E- tee
waveguide. To do so matched load 23 is placed in the arm II
of the waveguide E- tee after the waveguide bending in E-
plane 14 and waveguide twisting 12 (see Fig. 1). The
measurements were carried out using a panoramic VSWR
and attenuation meter R1-69. The path includes elements
starting with waveguide valve 4 and up to a smooth transition
to a waveguide of standard cross-section 18. The total losses
of the specified path (arm III of the waveguide tee) are -5.5
dB at the frequency of the Gunn generator of 74.935 GHz.
As the next step, matched load 23 is connected to arm III of
the E- tee waveguide after waveguide bend 14 and
waveguide twisting 12. The total losses in the waveguide
path, in this case, starting with waveguide valve 4 and up to
the transition to the waveguide of standard section 18, are
-5.6 dB. Thus, an important practical conclusion can be
drawn based on the analysis performed. With the same
geometric length of both paths, the losses in them are almost
the same. Therefore, using a measuring installation, the block
diagram of which is shown in Fig. 1, and the appearance is in
Fig. 2 and Fig. 3, it is possible to carry out studies on the
summation of the powers of two sources in the OR using one
master oscillator. In this case, the electric fields of the TE1o
waves propagating along both paths (arms II and III of the E-
tee waveguide) at the entrance to the resonator will have
almost the same amplitudes and will be antiphase.

lll. STUDY OF THE SUMMATION OF POWERS IN OR
There is a matched load 23 in arm II of the E- tee
waveguide after the waveguide bending in £- plane 14 and
waveguide twisting 12. Short-circuiting piston 25 is
connected to the output of rectangular waveguide segment
10 which is a part of the waveguide path (see Fig. 1). The
measurement results are shown in Fig. 4 (curve 2). As can
be seen from the graph above, the resonant transmission
coefficient K,(rlalz)sm increases with decreasing distance
between the OR mirrors.

This is due to a decrease in the diffraction losses for the
considered oscillation as the cavity mirrors approach each
other. The sharp drop in K" at L/R=0.49 is associated
with the semi-confocal geometry of the resonator under
consideration. In this case, the TEMioo oscillation interacts
with the higher TEMasg9 oscillation of the resonator, which
has the same class of symmetry as our oscillation. At L/R =
0.331, the TEMuos oscillation interacts with another higher
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oscillation, which is excited in a hemispherical resonator
using one slotted coupling element. That also leads to a
decrease in KMV

Now we change the scheme of the experimental setup.
There is matched load 23 (see Fig. 1) in arm III of the E- tee
waveguide after waveguide bending in E-plane 14 and
waveguide twisting 12. Short-circuiting piston 25 is
connected to the output of a section of rectangular waveguide
10 which is a part of the waveguide path. The resonator is
excited through the second slotted coupling element linked to
the waveguide path connected to arm II of the E- tee
waveguide. The measurement results are shown in Fig. 4
(curve 3).

The figure shows that the behavior X, .. completely
repeats the behavior KV with a decrease in the distance
between the cavity mirrors. The difference is that K1) is
slightly less than K~ in the range of variation of the
distances between the cavity mirrors L/R=0.172+0.651.
Apparently, this is due to the difference in the total losses in

the paths including arms II (-5.6 dB) or III (-5.5 dB) of E- tee

waveguide 13.
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FIGURE 4. Dependences of the resonance transfer coefficients on the distance
between the OR mirrors when the TEM1oq oscillation is excited in different ways.

Now we excite the resonator with two slot coupling
elements made on a flat mirror (see Fig. 1). The dependence
of the resonant transfer coefficient K ~ on the change in
the normalized distance L/R between the OR mirrors is
shown in Fig. 4 (curve 1). The general behavior of K\ s
similar to K™ and KD . The difference is that the
resonant transfer coefficient becomes significantly higher
over the entire tuning range of the resonator when the
resonator is excited with two slot coupling elements.

Let us analyze how the power summation coefficient of
the two sources behaves when the distance between the
cavity mirrors changes. To find the power summation
coefficient we use the formula K2, =
=[ K onsm P/LCK fansn Y+ K fpamiy )°]- The calculation results
are shown in Fig. 5.
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FIGURE 5. Behavior of the power summation factor in OR when the distance
between the mirrors changes.

The figure shows that the maximum power summation
factor is 0.719 at L/R = 0.596 and L/R = 0.384. At the same
time, there is a sharp drop in the power summation
coefficient when the operating oscillation in the resonator
interacts with the TEMjso9 oscillation (L/R=0.49). At
L/R=0.225, the drop-in KS2 . 15 due to the behavior of
KO kM and gD Thus, for the effective
summation of the powers in the OR, only the operating mode
of oscillations should be excited.

In order to understand what distances between the OR
mirrors (L/R<0.5 or L/R>0.5) are advised to use for the
power summation of individual sources, it is necessary to
determine the loaded Q-factors (. for both indicated
distances. This is due to the fact that the higher the Q- factor
of the resonant system, the lower the phase noise level of the
output sum signal [18]. Since we work at a fixed frequency,
we will use the formula Qr=L/4l [19] to find the loaded O-
factors QOr of the TEMionn (L/R=0.596) and TEMio;
(L/R=0.384) oscillations. Here L is the resonant distance
corresponding to the maximum value of transmission
coefficient, Al=Li-L>. The L; and L> values correspond to the
distance between the resonator mirrors, at which the
transmission coefficient decreases by -3 dB. As a result of
the experimental studies, it has been found that the loaded O-
factor of the TEMio1:1 oscillation is 528, and the loaded Q-
factor of the TEMo7 oscillation is 332. Based on the above,
we choose the distance between the resonator mirrors
corresponding to the maximum value of the loaded Q- factor
of the operating oscillation. For the TEMoo, oscillation
excited in a hemispherical OR, the mode of the maximum
value of the loaded quality factor takes place at L/R =
=0.7+0.75 [20, 21], and for the TEM 0, oscillation, this mode
corresponds to L/R=0.6 [22].

As shown above, the TEMio1 oscillation mode
corresponds to this distance between the mirrors of the
resonator under consideration. Let us look at the structure of
the field of this oscillation in the OR. To do it we use the test
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body method [17]. The field distribution will be measured
using test body 20, fixed on nylon thread 21 (see Fig. 1 and
Fig. 3). The diameter of the test body, which is a metal ball,
is | mm. The measurements are carried out in the plane of
the TE10 wave vectors H in slotted coupling elements 18,
made on a flat mirror (see Fig. 4), in the first antinode of the
standing wave electric field in the resonator, counting from
the indicated mirror. The measurement results are shown in
Fig. 6 (curve 1).
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FIGURE 6. The structure of the TEM1o11 oscillation field in a hemispherical OR.

In order to construct the calculated distribution of the
oscillation field TEMioi1 on a flat resonator mirror, it is
necessary to determine the resonance distance corresponding
to the TEMoo11 oscillation. This oscillation turned out to be
excited in the considered OR at L/R=0.58 (R=39 mm). To
calculate the radius of the field spot wo of the TEMoon
oscillation on a flat mirror we use the formula [17]

wo =(4/7)RJL/RYI - (L/R)). )

Here 4=4.003 mm. After numerical value substitution into
expression (1), we obtain that wo=4.953 mm. To construct
the calculated distribution of the TEMio11 oscillation field on
a flat resonator mirror, we use the expression

2

|E/Emax|2 =‘(\/2_ex/w0)exp(— (x/wo)z)‘ . )

The calculation results using formula (2) are shown in Fig.
6 (curve 2). From the given figure, we see a good agreement
between the calculation and experiment. The relative error in
the difference between the calculated value of the amplitude
distribution of the field of the considered TEMio1: oscillation
and the measured one does not exceed 25%. This difference
is due to the following. As stated above, we use a 1 mm
diameter scattering test body. The loaded Q- factor of the
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oscillation under consideration is 528. It follows from [23]
that for the indicated values of the loaded Q- factor Q. and
the resonant frequency f, the diameter of the test body should
be 1.3 mm. This is the reason for the difference between
calculation and experiment.

IV. STRIP DIFFRACTION GRATING IN A HEMISPHERICAL
OR

As shown in [24], using a one-dimensional ribbon diffraction
grating, placed in the OR volume perpendicular to its axis, it
is possible to change the connection of the resonator to the
supply waveguide path in a wide range of dimensions. In this
case, it is advisable to use an H- polarized diffraction grating,
since it causes significantly lower ohmic losses than an E-
polarized grating [24]. The main mode of TEMoo,
oscillations of OR is under consideration in the paper. In our
case, the first higher axially asymmetric mode of TEMio,
oscillations is excited in the resonator. Therefore, analyzing
the influence of a strip H- polarized diffraction grating on the
resonant transmission coefficient of a hemispherical OR,
where the specified type of oscillation is excited, is of some
practical interest. Consider H- polarized diffraction grating
26, the period of which is s=0.8 mm, the slit width is d=0.12
mm. A 37 mm x 37 mm grating was made by
photolithography from copper foil ~20 pm thick and fixed in
mandrel 27 (see Fig. 7). The movement of the grating is
controlled using micrometer head 28 with an accuracy of
0.01 mm.

FIGURE 7. Ribbon H- polarized diffraction grating in OR.

The grating is placed perpendicular to the OR axis in the
first nodal plane (=0 mm) counting from the plane mirror,
where the electric field strength of the standing wave in the
resonator is zero. The grating is phase transparency, when it
is located near the specified mirror, the phase distortions
introduced into the distribution of the operating mode of
oscillations will be minimal.
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The resonator is excited using two slotted coupling
elements made on a flat mirror (see Fig. 2). Let’s consider
the TEMio11 oscillation in a hemispherical OR (see Fig. 6).
The results of experimental studies are shown in Fig. 8, 9.
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FIGURE 8. Dependence of the transmission coefficient of the OR on the
grating location.

The measurement technique is as follows. As mentioned
above, we place the grating in the cavity volume
perpendicular to its axis in the nodal plane. In this case, we
fix the resonant transmission coefficient. Now we shift the
grating by a¢=0.1 mm towards the spherical mirror and, by
moving one of the resonator mirrors (in this case the flat
one), we achieve the maximum value of the transmission
coefficient. We fix the distance between the mirrors. Then
we shift the grating in the same direction by 0.1 mm again
and find the resonance distance corresponding to the
maximum value of the transmission coefficient. This
continues until the second nodal plane counting from the
plane mirror, where the strength of the electric field of the
standing wave in the resonator is zero.

As you can see from Fig. 8, when the grating is located in
the first nodal plane, the transmission coefficient of the
resonator is 0.308. This value almost coincides with the
transfer coefficient of the cavity K» in the case of an
empty cavity, equal to 0.302 (see Fig. 4, curve 1, L/R=0.596).
Therefore, we can say that the grating in the resonator has
focusing properties [24] within the various ranges of the
parameter a equal to 0 mm + 0.2 mm and 1.65 mm + 2.03
mm. This makes it possible to obtain a resonant transfer
coefficient greater than the one in the case of an empty
resonator. At ¢=1.9 mm K% =0.329 (see Fig. 8). This
value of the resonant transfer coefficient is only 9% higher
than K for an empty cavity (0.302). Thus, we can say
that in the case of a slotted excitation method, a one-
dimensional ribbon H-polarized diffraction grating does not
allow a significant increase in the resonance transmission
coefficient and, as a consequence, the power summation
coefficient in a hemispherical OR. The aforesaid refers to the

excitation of the first higher axially asymmetric type of
TEMio11 oscillations in the resonator.
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FIGURE 9. Dependence of the distance between the OR mirrors on the
grating location.

The ribbon grating in the resonator leads to defocusing
the Gaussian beam in the various ranges of the parameter a
equal to (0.2 mm + 1.65 mm) and (2.03 mm + 2.2 mm). In
this case, the resonant transfer coefficient decreases in
comparison with an empty OR [24].

Fig. 9 shows the dependence of the distance L between
the resonator mirrors on the position of the tape H-polarized
diffraction grating in its volume for the TEMio11 oscillation.
It can be seen from the figure that when the grating
possesses focusing properties, the resonance distance
between the mirrors increases (¢=0 mm =+ 0.2 mm)
compared to an empty OR. When the grating has
defocusing properties, the distance between the resonator
mirrors decreases (¢=0.2 mm + 1.5 mm).

V. CONCLUSION

The experimental studies carried out in this work enable us
to draw several important practical conclusions.

1. Using an E- tee waveguide, it is possible to study the
power summation of two sources in an OR in which the
first higher axially asymmetric mode of TEMio, oscillations
is excited. In this case, only one Gunn diode is used.

2. The maximum coefficient of power summation of two
sources in OR with two slot coupling elements is 0.719.
This result is in good agreement with the data of [14]. Thus,
it is impossible to obtain the power summation coefficient
of the two sources higher than 0.8 using a slot method of
resonator excitation.

3. To obtain the maximum power summation coefficient in
the resonator only the operating mode of oscillations should
be excited. The distance between the resonator mirrors
should correspond to the maximum value of the loaded Q-
factor of the operating oscillation to reduce the phase noise
of the output sum signal.
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4. In the case of a slotted excitation method, the location of
a strip H- polarized diffraction grating in the cavity volume
does not lead to a significant increase in the transmission

coefficient of the oscillation considered and,

as a

consequence, in the power summation coefficient.
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