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Approach of beam power combining at short millimeter waves
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Abstract: In this paper, an approach of beam power combining based on quasi-optical technology is proposed. It

has advantages of low loss, high combining efficiency and relatively easy manufacturing. The analysis, simulation

and experimental results are presented at short millimeter waves. High combining efficiency has been obtained.
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Introduction

In recent years, THz science and technology have
made great progress, receiving more attention over the
world, for example, THz communication, THz measure-
ments and 3D-printing'"*!. However, the development of
terahertz technology now is limited to the terahertz radia-
tion source for its very small output power. To increase
the output power of THz source is still a challenge, thus
power combining techniques used in microwave bands are
considered. At present, the commonly used power com-
bining technology has three ways as: circuit combining,
spatial power combining in a waveguide and quasi-optical
power combining.

Power combining technology, based on planar trans-
mission line circuit'*”’ | has the advantage of a simple
design and processing, while the combining efficiency
will drop sharply with the increase of the number-combi-
ning stages because of the loss of transmission line in
short millimeter wave bands region, and the power divi-
der/combiner network becomes smaller and complexity,
difficult to make at short millimeter wave bands. The
same difficulty exists for the spatial power combining in a
waveguide.

Received date; 2018- 04- 12, revised date; 2018- 12- 20

The method of spatial power combining usually
works in the way that several numbers of power sources
through the amplifier array, with the same amplitude and
phase characteristics, radiate to the free space to form a
plane wave, and then the space electromagnetic wave
energy can be collected by an antenna to achieve power
combining ™", In short millimeter wave or THz bands,
the array components are very difficult to manufacture
due to the fact that the wavelength is already smaller than
the typical power device size.

Quasi-optical power combining use a quasi-optical
technology to achieve the power distribution and combi-
ning """, A typical technical scheme is to use a period-
ic phase grating, made from a dielectric sheet, to trans-
form the electromagnetic waves by multiple equal-ampli-
tude in-phase excitation sources into a quasi-plane wave,
then converted into the Gaussian beam by a shaped re-
flective surface. Without the ohmic loss, quasi-optical
power combining has the low-loss characteristic. In addi-
tion, it has no limit to the distance between radiating ele-
ments because the periodic phase grating can make the
array beam propagate in the main lobe direction. Howe-
ver, the difficulty of this technique is to achieve efficient
beam transformation from a quasi-plane wave to the
Gaussian beam in engineering applications and the
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existing transformation efficiency is still not high in short
millimeter wave bands or THz bands.

Different from aforementioned quasi-optical power
combining technique, a new kind of power combining
technology at short millimeter wave is proposed, which
combines the power of n beams into one beam, and num-
ber n of beams is not limited to the even number. The
advantage of the technique is that there is no need to de-
sign complex beam transformations and have high combi-
ning efficiency compared to other power combining tech-
niques. In this paper, combining principle, in which n
beams are combined into one beam, is described, High
combining efficiency is demonstrated, and then several
kinds of beams power combining structures are proposed
and classified. Finally, experiments were done to de-
monstrate theoretical analysis.

1 Principle

The two orthogonal polarized beams with the same
amplitude and phase-distribution, arranged in a certain
way in space, propagate through the respective ellipsoid
mirror to the same quasi-optical beam grating splitter' '’
The two beams are assumed being coherent and combined
at the position of their waist. The one incident beam,
which has a polarization perpendicular to the direction of
the wire in the grating splitter, is almost completely
transmitted, while another incident beam, whose polari-
zation is parallel to the direction of the wire in the grating
splitter, is almost reflected. A new combined linearly po-
larized wave is formed after passing through the grating
splitter and its polarization is the vectorial sum of the po-
larization vector of the transmitted beam and the polariza-
tion vector of the reflected beam. The combined beam
can be received by a horn, after being converged by an
ellipsoid, or be used to participate in the n beams power
combining. It is called 2 tol or 1 +1 type beam combi-
ning.

Take 2 tol beams combining as an example, the im-
plementation of the schematic is shown in Fig. 1. H1 and
H2 represent the wave source horns, launching coherent
in-phase orthogonal polarized beam. H3 represents the
receiver horn. M1, M2, M3 are ellipsoids mirrors. G1 is
a quasi-optical grating splitter. The incident beams from
H1 and H2 pass through M1 and M2 to G1, respectively,
coaxially at the center of G1, one beam pass through the
grating and one beam is reflected by the grating along the
same direction, then a combined beam is obtained. The
combined beam can be received by the H3 through M3
converged reflection.

It is clear that a Gaussian beam can be applied the
same transformation by a mirror or a lens, according to
the Gaussian beam theory'”'. Here we use PEC (perfect
electric conductor) ellipsoid mirror so that dielectric loss
and conductor loss all not exist in our analysis. GIl is
placed at the location where the waist of the two trans-
formed Gaussian beam is coincident. In order to express
them simply, a local coordinate system u-v-w (w is per-
pendicular to the paper surface) can be built at the cen-
ter of G1. Beam B, from horn H1 pass through the gra-
ting splitter for its polarization is perpendicular to the di-
rection of wire of the grating splitter and propagates along

Fig. 1
A1

The schematic diagram of 2 to 1
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u direction. The E-field of beam B, can be expressed as
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beam waist, R, is the curvature radius at the u, position
of u axial and w,, is the beam radius. Meanwhile, another
incident beam B, from horn H2 is reflected by the grating
splitter for its polarization is parallel to the direction of
wire of the grating splitter, it also propagates along u
direction, and the E-field of B, can be expressed in

Eq.2.
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w and v are unit vectors. It has been assumed in Egs. 1-2
that the fields of B, and B, has the same amplitude A and
beam parameters such as waist and phase-front. There-
fore, the two beams can be combined into a linearly po-
larized wave beam in the form of Eq. 3
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If the amplitude of B, and B, is different, analysis
can be done similarly. For the general situation in practi-
cal use, for example, magic-T is added or the transmis-
sion path length has a slight change, which can cause
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beam B, and B, have different amplitude (A, and 4,)
and phase difference of Ag. Then Eq. 3-1 needs to
rewritten by Eq. 4.
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Equation 4 indicates that the combined field is ellip-
tically polarized, which can cause some polarization loss
by a linearly received horn or be combined in the next
step. Thence, some necessary measures may be consid-
ered to reduce the phase difference for obtaining high lin-
ear polarization during the combining process. Firstly,
the phase characteristics of each channel should be mea-
sured individually, and then some metal shim can be
added at the input port to adjust the phase difference.
Thence in the following analysis the same phase of
different beams to be combined are assumed.

Vectorial sum of two beams is shown in Fig.2 (a),
if the two beams have a different amplitude, the vectorial
sum is denoted in Fig.2 (b).
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Fig.2 The combined field vectorial diagram of 2 to 1
K2 241 gk aA

. » then the

norm of T equals V2, shown in Fig. 2 (a). The beam
energy can be indicated with its E-field multiplied by its
conjugated field. Therefore, the power P, in B, on the

Here we assume T=v+w, A, =Aw,/w

coordinate axis is P, =A’ and the power P, in B, is P, =
A2. The power P, in the combined beam can be ex-
pressed in Eq. 4.
Po= |TPA, =240 =P P, (5)
Equation 5 demonstrates the law of power conserva-
tion. The combined beam can be refocused into the re-
ceiving plane by another ellipsoid reflector.
When n beams need to be combined, n is not
limited to an even number like conventional power com-

bining method, n can be an odd number or even number
according to the requirement to the source power. The
structure of n beams combining into one beam is
described. The analysis is similar to (1) to (3) above,
beam B, and beam B, have the same beam parameters
except for the amplitude. That is, it is just the power
combining of two beams with different amplitude. So, we
can do 3 beams power combing, 4 beams power com-
bing, 5 beams power combing and till n beams, where n
can be a very larger integer number. The every 2 to 1
beam combining happens in each splitter and an inde-
pendent local coordinate system can be established at
each splitter. Two beams to be combined have the same
waist size and space position, it can be realized by mir-
rors or lens. The location of every splitter is uniquely de-
termined by the waist-position of the two incident beams
to be combined. For the local coordinate the beam also
can be expressed as shown in Eqs. 1-2, the amplitude of
two beams can be the same or not. It is same as the fore-
mentioned structure that one beam passes through the
grating splitter and another beam is reflected by the gra-
ting splitter, and the two beams, which have same beam
parameters, propagate alone the same direction and form
a new combined beam. It is noted that the two beams can
have different amplitudes, and the field of the combined
beam 1is the vectorial sum of the two beam field, as stated
in Eq. 3.

For example, for 2 + 1 type combining, the beam
B, is a combined beam as mentioned above, it has ampli-

tude 2 and the beam B, has amplitude 1, then the field

of the combined beam satisfies the Eq. 6, shown in
Fig.2(b).
(N T
P= R A=
Similarly, for n + m type combining,
T = Jw' + Jmw'=|T' | = V/n+m )
P,o=|T|PA = (n+m)A
No matter how many beams to be combined, the

beams combing is no loss for PEC mirror in theory and
low loss for conductor mirror.

2 Simulation

For doing the test conveniently, the simulation is
performed at W-band, but not limited to it. The previous
analysis shows that a high combining efficiency could be
obtained on condition that the grating splitter is fine
enough.

The simulation of the above beams’ power combi-
ning described in Eqs. 3-5 is carried out in the electro-
magnetic simulation software, Computer Simulation Tech-
nology (CST). The radiation horn is designed of refer-

ence' ™! and the ellipsoidal mirror is designed of refer-

ence'"”’ | and the correspondi imulati

, ponding simulation results are
given in Fig. 3. Figure 3(a) shows the radiation pattern
of the feed horn, which indicates the circular symmetry,
low sidelobe level, and low cross-polarization level. The
coupling efficiency between the aperture field of feed
horn and Gaussian beam can reach nearly 98% , which is

equivalent to Corrugated Horn. Figure 3 (b) shows the
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characteristics of the grating splitter. The return loss of
reflected beam and the transmission loss of transmission
beam are both less than —0.15 dB. The phase differ-
ence between them is in a straight line, which almost e-
quals 180 degree, in the entire simulation frequency
band. The ellipsoidal mirror is used to implement identi-
cal transformation for incident Gaussian beam, thence
the interception section of the ellipsoid is centered on the
minor axis of the ellipsoid. When the aperture diameter
is four times beams radius, the efficiency for power trans-
mission can exceed 99% . The left picture in Fig. 3(c)
shows the beam transmission reflected by an ellipsoidal
mirror and the simulated transmission loss is less than 1
dB in most frequency band from 90 GHz to 100 GHz,
while the corresponding test result is shown in another
picture and its S, parameter is given.
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Fig.3 Results of (a) the simulation of feed horn radiation,
(b) the simulation of grating splitter, (c¢) the simulation and
test of ellipsoidal mirror
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The beam combining simulation results are shown in
Fig. 4. The quasi-optical grating splitter is placed at the
location where the waist of the two transformed Gaussian
beam is coincident. Figure 4 (a) shows the whole propa-
gation process in detail from the transmitters to the re-
ceiver. Beam_1 and Beam_2 represent the incident beam
radiated from the horn 1 and horn 2, respectively. Beam
_1 + 2 represents the combined beam after the grating
splitter. Moreover, Fig. 4 (b) shows the polarization
characteristic of the combined beam in a plane of the re-
ceiver. The center distortion is small, and the purity of
linear polarization is high. The combining efficiency re-
flected in the central spot is about 97% .

Then a linearly polarized (45 degree off-axis y)
horn antenna, with the same curve as the other radiation
horns, is placed below the combined beam and corre-
sponding simulation results are shown in Fig. 5. Figure 5
(a) shows the field distribution in space and (b) shows
the S-parameters between the ports. The S,; and S,; are
both among —4.5 dB and —3.2 dB at most frequency
bands and they do not achieve its respective maximum at
the same time at the center frequency (95 GHz) , due to
the phase difference caused by the tilted grating splitter.
From these results, the system loss for beam combining
can be calculated easily, which is less than 1 dB at most
frequency bands and the minimum is close to 0.5 dB.

(a) (b)

Fig.4 Simulations results of (a) the beam propagation,and
(b) the polarization characteristic
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94 96 98 100
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Fig.5 Simulations results of (a) the field distribution and
(b) the S-parameter
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Seen from the simulation results of 2 to 1 beam com-
bining, the scheme is feasible. In order to achieve n
beams combining, structural expansion needs to be car-
ried out on this basis. Two categories of structural expan-
sion are considered: one is called N +1(N=1) beams
combining, which is characterized by increasing another
way on the basis of the previous way step by step, to
form a chain structure in the space; the second category
is called 2 + N type (N=1) beams combining which is
characterized by folding a 2 beams combining to add a N
beams combining structure, while the N beams combi-
ning structure can be the first category or a second cate-
gory. Some demonstration configuration in 3D are shown
in Fig. 6.

Figure 6 shows the basic composition of the first
category. We can easily get Fig.6(b) from Fig.4 (a),
just by adding one beam. By a cascade connection step
by step, N beams combining system can be obtained
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when N is big number. Through these simple basic struc-
tures, it’ s possible to bring about more complex and ad-
vanced combining system.

Beam_2to
1

2+1

Beam_2tol

Beam

Fig.6 N+1 type (a)l +1type, (b) 2 +1 type
6 N+1#i(a)l +1#l (b)2+1%#

3 Experiment

The transmission experiment of beam combining is
done at W-band, to verify the feasibility of the aforemen-
tioned idea of beam power combining and the experimen-
tal setup is shown in Fig. 7. The vector network analyzer
has been calibrated, and its output signal is divided into
two signals by a magic-T. One way is to align the trans-
mission channel where the beam passes through the grat-
ing splitter in the quasi-optical device and another way is
to align the reflection channel where the beam is reflected
by the grating splitter. Because of the position require-
ment in space, the reflection channel needs to be con-
nected with a long connecting waveguide. One channel is

240 mm 240 mm

Hornl

2
130 mm Horn3

Lense

Horn2

(a)

Fig.7 Photos of (a) the schematic setup and (b) the
physical test
Bl7 MRS (a) [RHEURER, (b) LW 18 A

cut off and then the other channel can be tested when the
transmission experiment of each single channel is done
respectively.

The test results are shown in Fig. 8. Figure 8 (a)
shows the S,, parameter for raw test data of the reflected
beam, the transmitted beam and the combined and the
Fig.8 (¢) show the loss of long connecting waveguide
and quasi-optical channel. The loss in quasi-optical
channel is composed of loss of lense, loss of grating split-
ter and loss of some connecting waveguide, and the lens
loss occupy the majority. Finally, the Fig. 8 (b) is ob-
tained from Figs.8(a) and 8(c).
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-2 | —+— Combined beam
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Fig.8 Results of (a) the original data, (b)no loss, (c)
loss of connecting waveguide and quasi-optical channel
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The transmission loss of the two channels is meas-
ured as shown in Fig.8 (a). The Horn3 is twisted at a
certain angle to receive the combined beam power in the
quasi-optical channel from the polarization composition of
the reflected beam and transmitted beam. The result for
the combined beam is also shown in Fig. 8 (a). The
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above test results include all kinds of loss, caused by the
components and discontinuities in the channel. For ex-
ample, the reflected channel includes the loss of the long
connecting waveguide while the transmission channel
does not include this loss, due to the spatial position.
The loss of the long connecting waveguide is measured,
shown as square sign in Fig. 8 (c¢). The loss of the long
waveguide connected to the reflection channel is re-
moved, so the result is shown as square sign in Fig. 8
(b) and roughly similar to the transmitted beam. In the
experiment, a lens is used as the beam transformation el-
ement, while the parameters and aperture size of the ex-
isting ellipsoid mirror are not suitable for a matched
Gaussian beam transformation. However, the loss in qua-
si-optical channel with the lense is unignorably as a re-
sult of the surface reflection and internal insertion loss of
the lense, shown as round sign in Fig. 8(c). It is as-
sumed here that the quasi-optical channel loss of the re-
flective branch and the transmissive branch is approxima-
tively equal, but the transmission characteristics of the
two branches are still different due to the power division
characteristic of the magic-T. Then the transmission loss
for the reflected beam and transmitted beam without the
loss of the quasi-optical channel is shown in Fig.8(b).

It is clear that the non-ideality of the magic-T and
the difference on the loss of the reflection channel and
the transmission channel makes the main polarization di-
rection of the combined beam constantly change in the
test frequency band. Based on the use of the measured
transmission power of the combined channel, the reflec-
ted channel and the transmitted channel in Fig. 8 (a),
the angle between the combined beam polarization and
the reflected beam polarization can be obtained by using
the polarization relationship. Then the transmission pow-
er without the above loss can be calculated after the
solved angle is brought in the calculation with the pro-
cessed reflected beam and the processed transmitted
beam in Fig. 8(b) and the result is shown as lower trian-
gle sign. The loss contained in the combined beam is
mainly the loss of polarization mismatch and the result
shows it s less than 1 dB in the most test frequency band
from 90 GHz to 100 GHz. If the amplitude of the two
channels can keep constant in one frequency band, the
polarization of the combined beam is also constant and
then the loss of polarization mismatch may be minimal for
a matching reception.

The experiment results show that it is feasible to use
this scheme to achieve beam power combining. Howe-
ver, it maybe not suitable to be applied directly in prac-
tical applications due to the difference between the theo-
retical analysis and practical use. If an ellipsoid reflector
is used for all the beam transformation which can mini-
mize the transmission loss, the output beam power can be
improved evidently. More research and experiment will
be studied in the future.

4 Conclusions

Beam power combining approach is proposed for
short millimeter wave power combining to increase the
output power of source. Concept of 1 +1 type beam pow-
er combining is presented, analyzed and simulated.
Simulation results and experimental results after removing

some component loss, show that a high combining effi-
ciency over 80% can be reached at most frequency band
from 90 GHz to 100 GHz. More investigation is needed
for beams combining where beam parameters may be dif-
ferent in future. The greatest advantage of the technique
is that there is low loss and no need to design complex
beam transformations.
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