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(54) System and method for a radio frequency (RF) transition design for a phased array antenna

system utilizing a beam forming network

(57)  In accordance with an embodiment, a phased
array antenna system includes a printed wiring board
(102) formed in rhombic shape that accommodates re-
quirements for low observability, a beam forming network

(100) located within the printed wiring board, wherein the
beam forming network is located over substantially the
entire printed wiring board, and a plurality of connectors
(502, 504) located on the backside of the printed wiring
board configured to allow for expansion of the system.
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Description
BACKGROUND

[0001] The present disclosure relates generally to
beam forming networks and more particularly to phased
array antennas utilizing such networks.

[0002] Active phased array antenna systems are ca-
pable of forming one or more antenna beams of electro-
magnetic energy and electronically steering the beams
to targets, with no mechanical moving parts involved. A
phased array antenna system has many advantages
over other types of mechanical antennas, such as dishes,
in terms of beam steering agility and speed, low profiles,
low observability, and low maintenance.

[0003] A beam forming network is a major and critical
part of a phased array antenna system. The beam form-
ing network is responsible for collecting all the electro-
magnetic signals from the array antenna modules and
combining them in a phase coherent way for the optimum
antenna performance. The element spacing in a phased
array is typically at one-half of the wavelength for elec-
tromagnetic waves in space.

[0004] There are design challenges when utilizing a
phased array antenna system. Firstly, it is important that
the phased array include a rhombic shape of aperture
for low observabilty requirements of the system. In addi-
tion, the system should be as small as possible to con-
serve space while still having the same performance
characteristics of conventional shaped phased array an-
tenna systems. Furthermore, as array antennafrequency
increases, the element spacing decreasesin aninversely
proportional manner. Due to this tight spacing in phased
arrays at microwave frequencies, transitions of radio fre-
quency (RF) energy from inside of the beam forming net-
work printed wiring board to the backside of the antenna
have always been one of the critical RF design factors
in phased array development. Conventional designs had
tighter tolerances in the feature alignments of the RF tran-
sition, which limits the choice of suppliers for the systems
and impacts the cost and schedule for producing the an-
tennas as well.

[0005] Whatis neededis a method and systemto over-
come the above-identified issues. One or more of the
present embodiments address one or more of the above-
identified needs and others.

[0006] The features, functions, and advantages can
be achieved independently in various embodiments of
the present invention or may be combined in yet other
embodiments.

SUMMARY OF THE INVENTION

[0007] One or more systems and methods for forming
phased array beams are disclosed. According to one em-
bodiment, a phased array antenna system includes a
printed wiring board formed in rhombic shape that ac-
commodates requirements for low observability, a beam

10

15

20

25

30

35

40

45

50

55

forming network located within the printed wiring board,
wherein the beam forming network is located over sub-
stantially the entire printed wiring board, and a plurality
of connectors located on the backside of the printed wir-
ing board configured to allow for expansion of the system.
[0008] According to another embodiment, a method
for forming a phased array beam includes providing a
printed wiring board formed in a rhombic shape, providing
a beam forming network located within the printed wiring
board, wherein the beam-forming network is located over
substantially the entire printed wiring board, and provid-
ing a plurality of connectors only on the back side of the
printed wiring board to allow for expansion of the phased
array beams.

[0009] According to another embodiment, a radio fre-
quency "RF" transition system includes a stripline trace
section with openings in ground planes and forms a quar-
ter wavelength resonator, and an electromagnetic mech-
anism to couple the RF energy from the stripline trace
section to a connector, wherein the RF signal energy is
transferred from inside a beam forming network printed
wiring board to an antenna back plane with minimal RF
losses.

[0010] According to another embodiment, a radio-fre-
quency "RF" transition module includes a first port, a can
coupled above the first port, the can including dielectric
material therein; wherein the can tunes the transition
module by varying the properties of the dielectric mate-
rial, a connector coupled to the first port, and a second
port coupled to the connector, wherein the transition
modules provide RF signals to a phased array antenna
system.

[0011] According toanotherembodiment, a phased ar-
ray antenna system includes a printed wiring board
formed in rhombic shape that accommodates require-
ments for low observability, a beam forming network lo-
cated within the printed wiring board, wherein the beam
forming network is located over substantially the entire
printed wiring board, a radio-frequency "RF" transition
system comprising a stripline trace section with openings
in ground planes and forms a quarter wavelength reso-
nator; and an electromagnetic mechanism to couple the
RF energy from the stripline trace section to a connector,
wherein the RF signal energy is transferred from inside
the printed wiring board to an antenna back plane with
minimal RF losses, and a plurality of connectors located
on the backside of the printed wiring board that allows
for expansion of the system.

[0012] According to another embodiment, a method
for transferring radio-frequency "RF" signal energy in-
cludes forming a quarter-wavelength resonator, and cou-
pling the RF signal energy from a stripline trace section
to a connector, wherein the RF signal energy is trans-
ferred from inside a beam forming network printed wiring
board to an antenna back plane with minimal RF losses.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0013]

FIG. 1A is a mechanical schematic of one embodi-
ment of a beam forming network within a printed wir-
ing distribution board which has a rhombic shape,
according to an embodiment.

FIG. 1B illustrates the layers associated with the
printed wiring board of Figure 1A.

FIG. 2 is a mechanical schematic of the receive
phased array antenna system with two subarrays of
the beam forming network as shown in Fig. 1A.

FIG. 3A is a diagram view of the beam forming net-
work RF circuits inside the beam former printed wir-
ing board, according to an embodiment.

FIG. 3B shows the octagonal arrangement of clock
lines on the beam former printed wiring board, ac-
cording to an embodiment.

FIG. 3C shows the octagonal arrangement of data
lines on the beam former printed wiring board, ac-
cording to an embodiment.

FIG. 4 is a diagram of a receive phased array anten-
na assembly, according to an embodiment.

FIG. 5 illustrates the back side of the phased array
antenna system that shows the back side connectors
for DC power and logic, and the coaxial connectors
forradio frequency (RF) signals, according to an em-
bodiment.

Figure 6 is a perspective view of a stripline to
waveguide transition module in accordance with an
embodiment.

FIG. 7A shows a side view of an RF transition mod-
ule, according to an embodiment.

FIG. 7B shows an isometric view of the RF transition
module.

FIG. 7C shows a plan view of the RF transition mod-
ule.

FIG. 7D shows an electromagnetic field distribution
inside the RF transition module.

FIG. 8 represents the results of a finite-element elec-
tromagnetic field simulation within the waveguide

transition module shown in FIG. 6.

FIG. 9A shows a perspective view of a stripline to
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coaxial module which also includes a coaxial inter-
face.

FIG. 9B shows a side view of the stripline to coaxial
module which includes a coaxial interface.

FIG 9C shows the performance comparison of the
stripline to waveguide module and the stripline to
coaxial module.

DETAILED DESCRIPTION

[0014] The present embodiment relates generally to
beam forming networks and more particularly to phased
array antennas utilizing such networks. The following de-
scription is presented to enable one of ordinary skill in
the art to make and use the embodiment and is provided
in the context of a patentapplication andits requirements.
Various modifications to the embodiments and the ge-
neric principles and features described herein will be
readily apparent to those skilled in the art. Thus, the
present embodiment is not intended to be limited to the
embodiments shown, but is to be accorded the widest
scope consistent with the principles and features de-
scribed herein.

[0015] Every phased array antenna system includes a
beam forming network to coherently combine the signals
from all of its many elements. It is this signal combining
ability that forms the electromagnetic beam. A beam
forming distribution board for a conventional phased ar-
ray antenna system has a rectangular shape forthe beam
forming network. As is known the rectangular shape pro-
vides problems because it is easily observable electron-
ically due to its electronic signature. Hence it is desirable
for the phased array antenna system to be rhombic in
shape to allow for low observability.

[0016] Active electronically scanned phased arrays
have been produced that contain a large number of
phased array elements. For example, The Boeing Com-
pany has produced such a phased array antenna system
that contains 4,096 elements in 8 subarrays arranged in
a 2x4 configuration.

[0017] Inaconventional receive phased array antenna
system all of the DC power and logic interconnections
are placed at the outside edges of the subarray. One
cannot add more subarray columns to increase the size
without having large gaps in-between adjacent subar-
rays. In conventional phased array antenna systems
such as K-band arrays, the rhombic shape of aperture
for phased array antennas were accomplished by either
using the metal plate itself, (which offered only the min-
imum benefit to the low observability), or having passive
dummy elements placed around the rectangular shape
of active elements.

[0018] Therearefourcritical featuresin that distinguish
the beam forming network of the present embodiment
over conventional beam forming networks:
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(1) A rhombic shape of the beam forming network
subarray that accommodates requirements for low
observability and utilizes beam forming elements
over substantially the entire array.

(2) Reduced the column and row gaps in between
the subarray panels, with improved results on the
antenna beam patterns.

(3) Improved RF bandwidth and mechanical toler-
ances in the RF transition from the beam forming
network to the backside of the array.

(4) Back side interconnections that allow the array
architecture to expand to include more subarrays
and thus more elements in a full size array.

[0019] A phased array antenna system in accordance
with an embodiment expands the capabilities of phased
array antenna systems in two critical areas: (1) providing
a low observability compliant phased array aperture with
reduced size, weight and cost; and (2) providing a beam
forming network scalability to large full- size arrays. Both
capabilities allow for the enhanced phased array anten-
nas utilized for a variety of applications. To describe the
features of the phased array antenna system refer now
to the following description in conjunction with the ac-
companying figures.

[0020] FIG. 1A is a mechanical schematic of one em-
bodiment of a beam forming network 100 within a printed
wiring board 102. The beam forming network 100 is
formed inside a rhombic shape printed wiring board
(PWB) 102, so that two or more of such identical boards
can be put together to form a larger sized array without
compromising the low observability characteristics. In
this embodiment, the rhombic shape of the aperture is
covered with active beam forming elements for a maxi-
mum cost effective benefit to the antenna system. In an
embodiment, the PWB 102includes nine layers as shown
in Figure 1B.

[0021] FIG. 2is a mechanical schematic of the receive
phased array antenna system 200 with two subarrays
202a and 202b of the beam forming network, according
to an embodiment. One critical feature is the narrowing
of the non-active-element gaps around each board when
two or more identical PWBs are put together to form large
arrays. FIG. 2 shows that the edge gaps 204 in-between
the adjacent boards are of only one element spacing, as
compared with two element spacing in the conventional
phased arrays. This reduction in the gap width improves
the antenna beam patterns. The reduction of gap width
is accomplished by laying out the beam forming circuits
of the subarrays 202a and 202b in a more efficient man-
ner. Also, by placing all of the circuitry and connectors
on the backside adjacent subarrays, the subarrays can
be placed closer together than the subarrays utilized in
a conventional phased array antenna system.

[0022] FIG. 3A is a diagram of a portion of the beam
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forming network circuits 200 inside the PWB 202. FIG.
3A shows stripline traces 302 on the RF layer 300 em-
bedded inside the printed wiring board 202. These strip-
line traces 302 form the RF distribution network for the
beam forming function. As is seen in FIGs. 3B and 3C,
the data and clock lines are arranged in an orthogonal
style to provide a more efficient layout on the PWB 202
and more robust signal integrity for array’s beam steering
control.

[0023] The array assembly and the backside intercon-
nections for the phased array antenna system are shown
in FIG. 4 and FIG. 5. FIG. 4 is a diagram of a receive
phased array antenna assembly 400. In this embodiment
one subarray 410a is shown assembled and one subar-
ray 410b is shown in exploded view. As is seen the sub-
array 410b includes a plurality of subarray elements 412,
a module shim 414, a multilayer wiring board (MLWB)
416, an elastomer connector shim 418 and a pressure
plate with thermal transfer material 420. The MWLB is
utilized advantageously to provide the RF, power and
logic distribution for the phased array antenna. These
elements are coupled together as shown in subarray
410a to provide the rhombic shaped array.

[0024] FIG. 5 illustrates the back side of the phased
array antenna system showing the back side connectors
for DC/logic connector 502, and the RF port coaxial con-
nector 504 for the RF signals. By including these con-
nectors on the back side of the board the subarrays can
be placed closer together. The RF port connector pro-
vides for an RF transition for the beam forming network
printed wiring board and the array housing. As before
mentioned, in conventional subarrays, the connectors
are placed on the sides of the PWB thereby causing ad-
jacent subarrays to be placed at a distance from each
other based upon the size of the connectors. In one em-
bodiment there is one port per each subarray. A phased
array antenna systemin accordance with an embodiment
expands the capabilities of phased array antenna sys-
tems in two critical areas: (1) providing a low observability
compliant phased array aperture with reduced size,
weight and cost; and (2) providing a beam forming net-
work scalability to large full size arrays. Both capabilities
allow for the enhanced phased array antennas utilized
for a variety of applications. The embodiment includes a
RF transition module that two key improvements over
the previous RF transition modules:

(1) improved RF bandwidth with more tuning range
by selecting the optimum material dielectric constant
for the tuning block.

(2) more relaxed mechanical tolerances in the RF
transition from the beam forming network to the
backside of the array, thus making the board more
manufacturable, with lower cost. To describe the fea-
tures of the RF transition module in more detail refer
now to the following description in conjunction with
the accompanying figures.
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[0025] The RF distribution network constructed inside
the PWB for the beam forming function is shown in FIG.
3A. The RF traces are connected at each 256-element
level to the transition module 600 shown above in FIG. 6.
[0026] FIG. 6 is a perspective view of a stripline to
waveguide RF transition module 600 or system in ac-
cordance with one or more embodiments. FIG. 7A shows
a side view of the RF transition module 600. FIG. 7B
shows an isometric view of the RF transition module 600.
FIG. 7C shows a plan view of the RF transition module
600. FIG. 7D shows an electromagnetic field distribution
inside the RF transition module 600. As is seen, the RF
energy comes in along the stripline 602 (Port 1) and is
coupled into the rectangular waveguide 604 (Port 2). The
rectangular block 606 placed above the trace represents
the dielectric material thatis inserted in a can (not shown).
The dielectric material 606 tunes the transition coupling
performance by varying the material dielectric properties.
In one embodiment, the RF transition module comprises
a stripline trace section with openings in the nearby
ground planes forming a quarter-wavelength resonator.
The RF energy from the stripline is electromagnetically
coupled to either a rectangular wavelength piece or a
coaxial contact.

[0027] This RF transition module 600 is integrated in
the beam-forming-network-printed-wiring-board. The
rhombic shape beam forming network printed wiring
board is shown in FIG. 1A. Inside each PWB, two RF
transition modules are integrated with the phased array.
The transition modules are responsible for combining the
elements in one subarray. In one embodiment the sub-
array includes 256 elements.

[0028] FIG. 8 represents the results of a finite-element
electromagnetic field simulation within the RF waveguide
transition structure shown in FIG. 6. The insert material
simulated includes Teflon, Taconic, Rexolite, Rogers Du-
roid, and Arlon Coefficient of Linear Thermal Expansion
(CLTE). The insert material is simulated by varying its
dielectric constant and the return losses for the RF tran-
sition are plotted as a function of the RF frequency. All
materials within the numerical analysis resultin a "double
null" pattern across the frequency band of interest - this
is a desirable characteristic because it means less re-
flection, better impedance matching, and wider band-
width in the desired frequency range. FIG. 8 indicates
that a return loss of 20 dB or better has been achieved
over more than 2 GHz frequency range - better than 10%
bandwidth at K-band (20 GHz). This is a significant im-
provement in operation bandwidth from previous de-
signs.

[0029] Another RF transition design comprising a low
cost commercial off-the-shelf (COTS), surface mount co-
axial connector has also been used for the same stripline
matching network, i.e., the coaxial matching has been
successfully simulated and compared. For the coaxial
cases, the compact impedance match circuit occupies
less than one-half the space as for the waveguide case.
The waveguide transition module occupies four times the
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width, but about the same height as the coaxial connec-
tor. FIGs. 9A and 9C show a perspective view and side
view of a stripline to coaxial module 900 which also in-
cludes a coaxial interface. Figure 9B shows the perform-
ance of the stripline to waveguide module and the strip-
line to coaxial connector transition module

[0030] As is seen, desirable characteristics of these
transition modules display wide bandwidth while having
a below -25 dB return loss. The waveguide transition
module is less sensitive to trace width / length variance,
representing manufacturing tolerance fluctuation. Over-
all, the above-identified modules are simpler structures
and less costly than conventional transition modules. Al-
so, the new coaxial transition module is easier to manu-
facture thereby reducing the cost and the schedule risk
associated with manufacturing of the beam forming net-
work.

[0031] A phased array antenna system in accordance
with an embodiment expands the capabilities of phased
array antenna systems in two critical areas: (1) providing
a low observability compliant phased array aperture with
reduced size, weight and cost; and (2) providing a beam
forming network scalability to large full size arrays. Both
capabilities allow for the enhanced phased array anten-
nas utilized for a variety of applications.

[0032] Although the present invention has been de-
scribed in accordance with particular embodiments, one
of ordinary skill in the art will readily recognize that there
could be variations to the embodiments and those vari-
ations would be within the spirit and scope of the present
invention. Accordingly, many modifications may be made
by one of ordinary skill in the art without departing from
the spirit and scope of the appended claims.

Claims
1. A phased array antenna system (200), comprising:

a printed wiring board (102) formed in rhombic
shape that accommodates requirements for low
observability;

abeam forming network (100) located within the
printed wiring board, wherein the beam forming
network is located over substantially the entire
printed wiring board; and

a plurality of connectors (502, 504) located on
the backside of the printed wiring board config-
ured to allow for expansion of the system.

2. The phased array antenna system of claim 1, where-
in the beam forming network includes at least one
subarray (202a, 202b) of a plurality of beam forming
elements, and wherein a non-active element gap
(204) between at least two subarrays are minimized.

3. Thephased array antenna system of claim 2, where-
in data and clock lines of the beam forming elements
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are arranged in an orthogonal style to provide an
efficient layout of the printed wiring board and robust
signal integrity for the array beam steering control,
and wherein the subarray comprises a plurality of
subarray elements (412), a module shim (414) cou-
pled to the plurality of subarray elements, a multilay-
er wiring board (416) coupled to the module shim, a
connector shim (418) coupled to the multilayer wiring
board; and a pressure plate (420) coupled to the con-
nector shim, wherein two or more subarrays are cou-
pled together to provide a rhombic shaped array.

A method for forming a phased array beam, the
method comprising:

providing a printed wiring board (102) formed in
a rhombic shape;

providing a beam forming network (100) located
within the printed wiring board, wherein the
beam-forming network is located over substan-
tially the entire printed wiring board; and
providing a plurality of connectors (502, 504) on-
ly on the back side of the printed wiring board
to allow for expansion of the phased array
beams.

The method of claim 4, wherein the beam forming
network includes at least two subarrays (202a,
202b), each subarray having a plurality of beam
forming elements, and wherein a non-active element
gap (204) between the at least two subarrays is min-
imized.

The method of claim 5, wherein data and clock lines
of the beam forming elements are arranged in an
orthogonal style to provide an efficient layout of the
printed wiring board and robust signal integrity for
the array beam steering control, and wherein each
subarray comprises a plurality of subarray elements
(412), a module shim (414) coupled to the plurality
of subarray elements, a multilayer wiring board (416)
coupled to the module shim, a connector shim (418)
coupled to the multilayer wiring board; and a pres-
sure plate (420) coupled to the connector shim,
wherein two or more subarrays are coupled together
to provide a rhombic shaped array.

Aradio frequency "RF" transition system (600), com-
prising:

a stripline trace section (602) with openings in
ground planes and forms a quarter wavelength
resonator; and

an electromagnetic mechanism (604) to couple
the RF energy from the stripline trace section to
a connector, wherein the RF signal energy is
transferred from inside a beam forming network
(100) printed wiring board (102) to an antenna
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10.

1.

12.

13.

14.

15.

back plane with minimal RF losses.

The RF transition system of claim 7, wherein the con-
nector comprises one of a rectangular waveguide
and a coaxial contact.

The RF transition system of claim 7, wherein the
electromagnetic mechanism comprises a dielectric
material (606) which is inserted in a can for tuning
the transition system; wherein the coupling perform-
ance is a function of the material’s dielectric proper-
ties.

The RF transition system of claim 9, wherein the di-
electric material is selected from a group consisting
of Teflon, Taconic, Rexolite, Rogers Duroid and Ar-
lon Coefficient of Linear Thermal Expansion "CLTE".

The RF transition system of claim 9, wherein the di-
electric material is selected such that there is little
reflective good impedance matching and wide band-
width in a desired frequency range.

A radio-frequency "RF" transition module, compris-
ing:

a first port (602);

a can coupled above the first port, the can in-
cluding dielectric material (606) therein; wherein
the can tunes the transition module by varying
the properties of the dielectric material;

a connector coupled to the first port; and

a second port (604) coupled to the connector,
wherein the transition modules provide RF sig-
nals to a phased array antenna system.

The RF transition module of claim 12, wherein the
connector comprises one of a wave guide and a co-
axial contact.

The RF transition module of claim 12, wherein the
RF transition module is integrated in a beam forming
printed wiring board (102).

A phased array antenna system (200), comprising:

a printed wiring board (102) formed in rhombic
shape that accommodates requirements for low
observability;

a beam forming network (100) located within the
printed wiring board, wherein the beam forming
network is located over substantially the entire
printed wiring board;

a radio-frequency "RF" transition system (600)
comprising a stripline trace section (602) with
openings in ground planes and forms a quarter
wavelength resonator; and an electromagnetic
mechanism (604) to couple the RF energy from
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the stripline trace section to a connector, where-
inthe RF signal energy is transferred from inside
the printed wiring board to an antenna back
plane with minimal RF losses; and

a plurality of connectors (502, 504) located on
the backside of the printed wiring board that al-
lows for expansion of the system.

The phased array antenna system of claim 15,
wherein the connector comprises one of a rectangu-
lar waveguide and a coaxial contact.

The phased array antenna system of claim 15,
wherein the electromagnetic mechanism comprises
a dielectric material which is inserted in a can for
tuning the transition system; wherein the coupling
performance is a function of the material’s dielectric
properties.

The phased array antenna system of claim 15,
wherein the dielectric material is selected from a
group consisting of Teflon, Taconic, Rexolite, Rog-
ers Duroid and Arlon Coefficient of Linear Thermal
Expansion "CLTE".

A method for transferring radio-frequency "RF" sig-
nal energy, the method comprising:

forming a quarter-wavelength resonator; and

coupling the RF signal energy from a stripline
trace section (602) to a connector, wherein the
RF signal energy is transferred from inside a
beam forming network printed wiring board to
an antenna back plane with minimal RF losses.

The method of claim 19 wherein the coupling com-
prises inserting a dielectric material (606) in a can
for tuning a transition system (200); wherein the cou-
pling performance is a function of the material’s di-
electric properties, and wherein the dielectric mate-
rial is selected from a group consisting of Teflon,
Taconic, Rexolite, Rogers Duroid and Arlon Coeffi-
cient of Linear Thermal Expansion "CLTE".
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