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(57) Abstract: A waveguide mechanical phase adjuster in-
cludes at least one pair of dielectric rods nominally spaced
wavelength apart and inserted through a corresponding pair of
holes in the wall of a waveguide. The holes are dimensioned
so that they are in "cutoff" at the top end of the spectral band.
An adjustment mechanism sets the insertion depth of the rods,
which determines the amount of dielectric loading and, in
turn, the insertion phase. Changing the insertion depth
changes the dielectric loading, hence the insertion phase. The
wavelength spacing of the rods serves to cancel reflected en-
ergy. Additional pairs of dielectric rods can be similarly con-
figured and actuated to increase the range over which the in-
sertion phase can be adjusted. The waveguide mechanical
phase adjuster is well adapted for use with power combiners
to maintain tight phase coherence between channels.
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IN THE UNITED STATES PATENT AND TRADEMARK QFFICE AN RECEIVING
QFFICE FOR THE PATENT COOPERATION TREATY {(PCT)

3 WAVEGUIDE MECHANICAL PHASE ADJUSTER

Govermment License Righis

The U.S. Government has a paud-uyp license i this nvention and the right in
1 Hmited crcumstances to requare the patent owner o Heense others on reasonable terms as
provided for by the terms of contract number HROOLL-12-C-0091 and HROO11-13-C-001 5

awarded by the Department of Defense.

BACKGROUND OF THE INVENTION

13 Field of the Invention
This mvention relates to wavepuide phase shifling, and more purticulaly

techniques o achieve phase coherency between channels in a power comibniner.
Description of the Relaied Ant

20 Power combiners mclade an RF wavepuide sphitter that separates RF power
provided at an RF input into multiple wavegmde chamels, solid-siate amplifier chips
that amphify the RF signal in cach channel and an RF combiner that combines the
amplified RF signals iito a single amplified RF signal. The combiner may be either a
wavegulds combiner or a spatial combiner that utihizes free-space radiating elements. In

35 thix context, a “wavguide”™ 13 8 hollow metal rectangalar waveguide dimensioned for

propagation of energy in a particular spectral band within the RF spectrum extending
from approximately 300 MHz to approximaiely 1.1 THa
To optimize combination efficiency and achieve the maximmum combined power,
tight phase coherency must be maintained between the channels. Each amphiter chup
30 has a charactenstic msertion phase, This phase will vary to some extent from chip-to-
chip.  Af the higher RF freguencies i the MMW and THz regimes, fabrication
tolerances in the wavegmde splitter and combiner will produce phase errors that vary
from channel-to-channel.

One approach to achieving phase coherency is to measure the phase of a number of

s
e

amplifier chips and select chips having a similar phase within a specified tolerance. This
1
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approach iy feasible if vou have a sufficiently large pool of amplifier chips from which to
select and if the phase errors 1 the waveguide splitter and combiner are neghgible.

Another approach 1s 1o pair each amplifier chip with a phase-shifter chup, which
can be tuned via & control signal to adjust channel phase. This approach is feasible, for
example, i the X and KA bands toward the lower frequency end of the RF spectrum. Al
higher frequencies m the MMW and THx regimes, the phase-shifter chips become very
tossy.

Another approach is to nsert 4 wedge of dielectric material into each chamel to
essentially “shim™ the phase. Calibration of multi-channel power combiners using this
approach can be very ledious, practically mmpossible for more than 2 channels. The
waveguides have 1o be disassembled, the wedge inserted snd the wavegmde resssembled.
The phase of cach channel can be measured independently to pet an intial solution with
different wedges bemg mseried until each channel has the same nomunal phase. However,
there is some degree of cross-coupling between the channels. Consequently, 1o achieve
optimal performance one must calibrate for maximmum power with #ll chamnels, The
adjustments o achieve maximum power can be ghly iterative and difficult to aclhieve

optimal performance.

SUMMARY OF THE INVENTION

The following i3 3 sumunary of the invention w order fo provide a basic

understanding of some gspects of the invention. This sipnmary is not intended o identify
key or critical elements of the mvention or (o delineate the scope of the mvemtion. its sole
parpose i3 1o present some concepts of the vention m a ssmplified form a8 a prelude (o
the more detailed description and the defining claims that are presented later.

The present invention provides g mechanical phase adjuster for tuning the phase of
a waveguide i a band in the RF spectrum, and particularly at higher frequency bands in
the MMW and TH regimes of the RF specinumm. The mechanical phase adjuster enables
night phase coherency betwesn channels 1 a power combiner.

This is accomplished by configuring a wall of the wavezuide with g pair of holes
that ave nonunally spaced one-quarter of the center wavelength of the spectral band apart.
The holes are dimensioned so that they are in “cutoft™ at the top end of the spectral band.

A pair of dieleciric rods is inserted through the pair of holes into the wavegnide. An

2
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adjustment mechanism seis the nsertion depth of the rods, which determings the amount
of dielectric loading and, in turn, the wsertion phase. Changing the insertion depth
changes the dielectric loading, hence the insertion phase. The pair of rods nonunally
spaced ¥ wavelength apart serves to cancel reflected energy. Additional pairs of dielectrie
rads can be similarly configured and actuated o increase the range over which the
msertion phase can be adjusted. The pans of dielectric rods ave suitably positioned an odd
inteper multiple of the % wavelength apart, and preferably just ¥ wavelength apart to
maintam bandwidth.

In an embodiment of a power combiner, multiple mechanical phase adjusters are
psed to calibrate the msertion phase of each chamnel to mamtain tght phase coberency
between channels to maximize output power. The power combiner may be configured to
use either waveguide or spatial combining of the amplified channels. An RF inpul
conligured to receive energy i a spectral band. The RF inpat 1s coupled 1o a N hollow
metal rectungular wavegnide splitter that separates the RF energy equally between N
wavegwmde channels, Each channel feeds a solid-state amplifter chup that amplifies the RF
energy. Mechanical phase adjusters are configured m at least N-1 of the chawels n front
of the amplifier chips © adjust the insertion phase. The amplified and coherent RF energy
is combined and output. For waveguide combining, the N amplified channels are coupled
1o a N:1 hollow metal rectanguiar waveguide combiner that combines the amplified
RF energy in the N waveguide channels into a single waveguide channel that is coupled to
an RF owtput. For spatial combining, the amplified channels are coupled via MxN free-
space radiating elements. Each channel may feed a single radiating elemant, a 1D amay of
rackating elements or a 2D aperture of radiating elements.

These and other features and advantages of the nvention will be apparent to those
skilled in the art from the following detailed description of preferred embodiments, tuken

together with the accompanying drawings, m which:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a plot of the depradation of the combined power for a 4-way power
combiner versus RMS phase error between the channels;
FiGs. 2a, 2b and 2¢ ave perspective, side and end views of an embodiment of a

waveguide mechanical phase adjuster;

Ld
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FIG. 3 15 a diagram illustrating constructive interference of the reflections off of
the pair of dielectric rods to minimize reflected power;

FIG. 4 is a plot of phase shift and retwrn loss versus msertion depth of the par of
dieleciric rods;

3 FIG, § is a diagram of another embodiment of a waveguide mechanical phase

adpster including two pairs of dielectric rods;

FIG. 6 is a block diagram of a 2-channel waveguide power combiner provided with
mechanical phase adjusters; and

FIG. 7 15 a block diagram of a 4-channel spatial power combiner provided with

10 mechanical phase adjusters.

DETAILED DESCRIPTION QF THE INVENTION

The present wvention provides a mechamcal phase adpaster for tuning the phase of
a waveguide in a band i the RF specirum, and particularly at higher Frequency bands in

15 the MMW and THz regiimes of the RF spectnum. The mechanical phase adjuster enables
tight phase coherency between channels in a power combiner. As used heremn the term
“waveguide™ refers to @ hollow metal structure dimensioned for propagation of energy in a
spectral band at frequencies between approximately 300 MHx o 1.1 THz. The wavepuide
is tvpically rectangular but may be square or circular.

20 Figure 1 is a plot 19 of the degradation in dB of the combined power of 8 4-way
combiner versus RMS ({root-mean-square) phase emor between the channels. The
combined power degrades as the phase ervor increases. It iy desirable to maintain tight
phase coherenvy belween the channels to avoid such degradation.

As shown in Figures 2a, 2b and 2c¢, an embodiment of a waveguide mechanical

]
L

phase adjuster (MPA)Y 20 comprises g waveguide 22, A pair 23 of holes 24 and 26 is
formed in 3 wall 28 of the waveguide 22, Holes 24 and 26 are nonupally spaced one-
quarter of the center wavelength of the spectral band apart. A pair 38 of dielecttic rods 32
and 34 is inseried through the pair 23 of holes 24 and 26 into the wavegde 22, A second
pair 35 of holes may be formed in the opposing wall to facilitate complete msertion of the
30 dielectric rods mio the wavegmde to achieve maximum phase shift. The holes, as filled
with the dielectric rod, are dimensioned so that they ave in “auoff™ at the top end of the

spectral band, hence the entire spectral band. This ensures no energy leakage through the

4
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holes. Spacing the rods nominally ¥ wavelength apart m pairs serves o cancel reflected
energy. For optimal cancelfation, the rods preferably have a cucular cross-section.
However, other shapes e.g. a diamond cross-section, may be used.

An adjustment mechanism 36 sets the insertion depth of the pair of rods, which
determines the amownt of dielectric loading and, i turn, the msertion phase. Changing the
msertion depth changes the dielectric loading, hence the insertion phase. To maximize the
nsertion depih, hence the possible phase change; the rods are suitably inserted through the
narrower wall of the rectangular waveguide.

In this embodiment, adjustment mechanism 36 is a spring-loaded screw adjustment
mechanism.  The pair of dielectric rods is attached to a plate 38, A screw 40 is threaded
through another plate 42 to push down on plate 38 10 set the msertion depth. A spring 44
positioned between plate 38 and the top of wavegwide 22 provides a counter force that
prevents plate 38 and the diglecine rods from falling inte the wavegmude. Other
implemsentations ol the gdjustment mechamism exist.

Figure 3 is a diagram iflustrating constructive interference of the reflections off of
the pair of dielectric rods 32 and 34 to minimize reflected power. The rods work in pairs to
“tape out” the reflection from each vod. An incoming wave 50 hits the fivst rod 32, and a
smiall porpion 32 of the energy is reflected back to the source, the bulk of the energy
traveling through the {irst rod 32, The bulk remaining energy hits the second rod 34 and a
small portion 54 of the energy s reflected back to the source. Because the rods are
pominally spaced by 90 degrees, the veflected eneryy 84 from the second rod 34 15 180
degrees out of phase from the reflected energy 32 from the {irst rod 32, When signals that
are 180 degrees oul of phase with gach other collide, they completely cancel.

The rods 32 and 34 in a pair are ideally wdentical; identical m material composition,
diameter and insertion depth into the waveguide to produce signals that are 180 degrees
out of phase. In practice, the rods are designed to be identical and implemented to be as
close to wentical as possible within a given design tolerance.

The rods 32 and 34 are sominally ' wavelength apart. The exact spacing depends
on the rod matertal and diameter and the spectral band. The spacing 1sn't a perfect 90
degrees of waveguide length because there i3 now dielectric in the waveguide, which
stows down the wave. The rod also does not provide the full and perfect reflection at the

forward up of the circumference.

LA



10

2

]
L

30

WO 2015/134079 PCT/US2014/069328

In an embodiment, the diglectric matenal for the rods i3 selected. Low loss
material 1s preferred to maximize the ransmitied power through the waveguide. Materials
such as Tellon, Quartz, and Fiber Optic Stock that have dielectric constants (DK} in the 2~
7 range balance the desire for low loss with the requirement for an appreciable phase shift.
Once the material 15 chosen, the hole dipmeter 15 calouluted so that #1135 m cuwt-off when
filled with the dieleciric matenial. Given the diclectnic material and the diameter of the
material, the MPA and wavegwide can be simulated to find the optimal spacing to
minimize reflected power.

FIG. 4 15 a plot of phase shift 60 aund return loss 62 versus insertion depth of the
pair of diclectric rods. As the paw of rods 1s inserted further into the waveguide the amount
of dielecine loading, hence phase shift 60 increases. Phase shuft comes from the wave
energy traveling through the dieleciric matertal. The more material in the path the larger
the mduced phase shift. In this example, the phase shift can range from 0 to about 3¢
degrees [rom zero to maximum nsertion depth. Throughout the wnsertion depth range, the
return loss 62 of the reflected power is preater than -25 db. The drastic reduction in retum
loss 62 ocecars when the insertion depth coinecides in length with a specific fequency in the
band of mterest, and a perfect cancelation of the reflected signals 1 achieved. The pair of
dielectric rods 1s effective at inducing a significant phase shift and cancelling reflecied
pRAWer.

As shown in Figure 5, an alternate embodiment of a dielectric rod assembly 78 for
use in a waveguide MPA mchudes two payr of dielectric rods 72 and 74, Gaven the same
mnsertion depth, this configuration doubles the range of induced phase shift. Each pair of
rods 13 confizured as previousty described with the rods separated by nominally %
wavelength, The pairs are spitably positioned an odd integer multiple of the ¥ wavelength
apart 0 minimize total reflected power. Simulations have shown that spacing the pairs a
single ¥4 wavelength apart preserves bandwidth. As depicted m this embodiment, both
pairs of dielectric rods 72 and 74 are ternumated wm a common plate 76, which in lum is
adjusted by a single screw resisted by a common spring 78, Alternately, each pair of rods
could be adjusted independently,

A wse for the waveguide MPA s fo maintain tight phase coherency belwesn
chanpels 1 a power combiner to maxinuze the combined output power. The power

combiner may be configured to use either waveguide or spatisl combinmng of the amplified

O
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channels. An RF mput configured to receive energy i a spectral band. The RF input s
coupled to a 1N hollow metal rectangular waveguide sphitier that separates the RF energy
equally bebween N wavegide channels. Each channel feeds a solid-state amplifier chup
that amplifies the RF energy. Mechanical phase adjusters are configured im at least N-1 of
5 the channels in front of the amplifier chips to adjust the msertion phase. The amphiied
and coberent RF energy is combined and output. For waveguide combining, the N
amplified channels are coupled o a No1 hollow metal vectangular waveguide combiner
that combings the amplified RF energv in the N wavepnide channels info a single
waveguide channel that is coupled fo an RF output, For spatial combining, the amplified
10 channels are coupled via MxN free-space radiating elements.  Fach chamnel may feed a
single radiating element, a 1D array of radisting elements or a 2D aperture of radiating
elemenis. The waveguide MPAs are gasily and aceurately adjustable {0 set the phase of
aach channel

As shown in Figure 6, an embodiment of a waveguide power combiner 80
15 comprises an RE input B2 that is coupled to a 1.2 wavegwmde splitter 84 that separates the
RE enerpy equally between 4 wavepuide channels 86a, 86b, 86¢ and §6d of nominally the
same phase that feed solid-state amplifier chips 88a, 88b, 88¢ and 88d that amplify the RF
energy. Mechamical phase adjusters 90a, 98b, 90¢ and 90d are positoned in each channel
upstream of the amplifier chips to precisely adjust the nsertion phase. A 4:1 waveguide

20 combiner 92 combines the amplified RF energy at an RF output 94,
As shown i Figure 7, an embodiment of a spatial power combiner 118 comprises
an RE input 112 that is coupled {o a 1:4 waveguide splitter 114 that separates the RF
energy equally between 4 waveguide channels 116a-1164d of nommally the same phass

that feed solid-state amplifier chips 118a~118d that amplify the RF energy. Mechanical

]
L

phase adjusters 120a-1204d are positioned in each channel upstream of the amplifier chips
to precisely adjust the msertion phase.  Four fres-space radiating clements 122a-122d
vaciate the amplified enerpy into free-space where it is spatially combined.

Winle several iHhustrative embodiments of the imvention have been shown and
described, numerous variations and alternate embodiments will occur to those skilled in
30 the arl Such variations and alternate embodiments are contemplated, and can be made
without departing from the spirit and scope of the mvention as defined i the appended

claims.
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WE CLAIM:
1 A waveguide mechanical phase adjuster, comprising:

a hollow metal waveguide dimensioned for propagation of energy in & spectral
hand;

a first payr ol holes w a wall of the wavegumide, said holes spaced
approxmmately one-quarter of a center wavelength of the band apart, said holes
dimensioned such that the holes are in cutoff at the highest frequency in the spectral
band:

a first pair of dielectric rods inserted through said first pair of holes in the wall
of the wavegwide: and

a first adjustment mechanism for varying an insertion depth of the first pair of
rads into the waveguide o vary a dielectric loading of the waveguide and set an

insertion phase of the propagating enargy.

2. The waveguide mechanical phase adjuster of claim 1, wherein the spectral

hand iz at or above 75 GH2.

3. The waveguide mechanical phase adjuster of claim 1, wherein said
waveguide s a rectangular waveguide comprising opposing narrow walls and
opposing wide walls, wherein said first pair of holes are in one of the narrow

walls,

4, The waveguide mechanical phase adjuster of daim 1, wherein energy
reflected off first and second distectric rods in said first pair is approximately

180 degrees out of phase and substantially cancels.

5. The waveguide mechanical phase adjuster of claim 1, wherein said
dislectric rods are formed of a dielectric material havipg a dislectric constant

betwesn approximately 2 to approximately 7.
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6. The waveguide mechanical phase adjuster of claim 1, wherein said

dielectric rods have a circular cross-section.

7. The waveguide mechanical phase adjuster of claim 1, wherein the

dielectric rods are substantially identical.

8. The waveguide mechanical phase adjuster of claim 1, wherein the
adjustment mechanism comprises a plate coufigared to held the rods, an
adjustment screw to push down on the plate and set the insertion depth of the

fivst pair of rods and a spring to push up on the plate.

9. The waveguide mechanical phase adjuster of dlaim 1, forther comprising:
a sohd-state amplifier chip coupled to the waveguide downstream of the first

pair of rods.

10, The waveguide mechamcal phase adjuster of claim 1, further conymising:

a secomd pawr of holes in the wall of the wavegunde, said holes spaced
approximately one-guarier of the center wavelength of the band apart, said holeg
dimensioned such that the holes are n cutoff at the highest frequency in the spectral
band;

a second patr of dieleciric rods serted throuyh said second pair of holes in
the wall of the wavegwide; and

a second adjustment mechanisin for varving an nsertion depth of the second
pair of diglectric rods info the waveguide to vary the dielectric loading of the
waveguide and set the insertion phase of the propagating energy.
11, The waveguide mechanicsl phase adiuster of claim 10, wherein said frst and

second adjesiment mechantsms are a commmon adjustment mechanism.

12, The wavegnide mechanical phase adjuster of clatm {1, wherein said first and
second pairs of dielectric rods are substantially identical and spaced approximately an

odd mteger multiple N of one guarier of the wavelength apart.

G
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13, The waveguide mechanical phase adjuster of claim 12, where N equads ona.

14, A waveguide mechanical phase adjuster, comprising!

a hollow metal rectangular waveguide dimensioned for propagzation of energy
in a spectral band at or above 75 GHz, said waveguoide having opposing narrow walls
and opposing wide walls;

a first pair of holes in one of the narrow walls of the waveguide, said holes
spaced approximately one~quarter of a center wavelength of the band apart, said holes
dimensioned such that the holes are in cutoff at the highest frequency in the speciral
band;

a first pair of substantially identical dielectric rods seried through said first
pair of holes in the wall of the wavegwde; and

a [irst gdjustment mechanism for varving an insertion depth of the first pair of
dielectric rods into the waveguide to vary a dielectric loading of the waveguide and
set an nsarfion phase of the propagating enargy,

wherein energy reflected off first and second dielectne rods in said first pair is

approximately 180 degrees out of phase and substantially cancels.

15 The waveguide mechanieal phase adjuster of claim 14, further compnsing:

a second pair of holes in the narrow wall of the waveguide, said holes spaced
approximately one-quarter of the center wavelength of the band apart, said holes
dimensioned such that the holes are m cutofl at the highest frequency m the spectral
band;

a second pair of substantially identical dielecinie rods nsenied through sad
second pair of holes i the wall of the wavegmde; and

a second adiustment mechanism for varving an insertion depth of the second
pair of dielectric rods into the waveguide 0 vary the dielectric loading of the

waveguide and set the insertion phase of the propagating energy.

16, A power combiner, comprising:

an R¥ input configured to receive energy in # spectral band

i



WO 2015/134079 PCT/US2014/069328

20

a LN hollow metal waveguide splitter thal separates the RF energy between N
waveguide channels, where N 15 an integer greater than one;

N solid-state amplifier chips, each chip configured to amphifier the RF energy
propagating in one of said waveguide channels;

at least N-1 mechanical phase adpusters positioned in different waveguide
channels in front of the amplifier chips;

a Nii power combiner that combines the amplified RF epergy in the N
waveguide channels into a single amplified RF signal;
wherein each said mechanical phase adjuster conprises,

a first pair of holes in & wall of the wavegmde, said holes spuced
approximately one-quarter of a center wavelength of the bund apmit, said holes
dimensionad such that the holes are i cuiofl at the highest frequency i the spaciral
band;

a first pair of dielectric rods inserted through sadd Hrst patr of holes in
the wall of the waveguide; and

an adjustment mechamism for varving an insevtion depth of the first
pair of dielectric rods nto the waveguide to vary a diclectric loading of the waveguide

ant set an msertion phase.

17, A power combiner of claim 16, wherein the Ni1 power cominner comprises:
a N1 hollow metal wavegmde combiner that combines the amplified RF
energy in the N waveguide channels into a single waveguide channel; and

an RF output configured (o oulput the amplified RF signal,

18, A power combiner of claim 16, wherein the N1 power combiver comprnises:
N freg-space radiating elements that spatially combine the amplified RF

energy  the N waveguide channels into the amplified RF signad in free space.
19 A power combiner of claim 16, wherein energy reflected off first and second

dielectric rods in said first paiv 1s approximately 180 degrees out of phase and

substantially cancels.

i
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i A power combiner of claim 16 that comprises N mechanical phase adjusters

positioned m different wavegiade channels.

i2
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