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ENHANCED PHASE SHIFTER CIRCUIT TO REDUCE RF CABLES

RELATED APPLICATIONS

This application is related to provisional application Serial No. 61/925,903, this

disclosure of which is incorporated by reference.

Background

The present invention relates generally to wireless communications antennas. In
particular, the invention relates to an improved feed network for using an array of radiating
elements for more than one band of communications frequencies.

Dual band antennas for wireless voice and data communications are known. For
example, common frequency bands for GSM services include GSM900 and GSM1800.
| GSM900 operates at 880-960 MHz. GSM1800 operates in the frequency range of
1710-1880 MHz. Antennas for communicétions in these bands of frequencies typically include
an array of radiating elements connected by a feed network. For efficient transmission and
reception of Rédio Frequency (RF ) signals, the dimensions of radiating elements are typically
matched to the wavelength of the intended band of operation. Because the wavelength of the
900MHz band is longer than the wavelength of the 1800MHz band, the radiating elements for
one band are typically not used for therther band. In this regard, dual band antennas have been
developed which include different radiating elements for the two bands. See, for example, U.S.
Patent No. 6,295,028, U.S. Patent No. 6,333,720, U.S. Patent No. 7,238,101 and U.S. Patent No.

7,405,710 the disclosures of which are incorporated by reference.
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In some dual band systems, wide band radiating elements are being developed. In such
systems, there are at least two arrays of radiating elements, including one or more arrays of low
band elements for low bands of operating frequencies (e.g., GSM900 and/or Digital Dividend at
790-862 MHz), and one or more arrays of high band radiating elements for high bands of
operating frequencies (e.g., GSM1800 and/or UTMS at 1920 MHz — 2170 MHz).

Known dual band antennas, while useful, may not be sufficient to accommodate future
traffic demands. Wireless data traffic is growing dramatiéally in various global markets. There
are growing number of data service sﬁbscribers and increased traffic per subscriber. This is due,
at least in part, to the growing popularity of "smart phones," such as the iPhone, Android-based
devices, and wireless modems. The increasing demand of wireless data is exceeding the capacity
of the traditional two-band wireless communications networks. Accordingly, there are ad(iitional
bands of frequencies which are being used for wireless communications. For example, LTE2.6
operates at 2.5-2.7GHz and WiMax operates at 3.4-3.8GHz. |

One solution is té add additional antennas to a tower to operate at the LTE and higher
frequencies. However, simply adding antennas poses issues With tower loading and site
permitting/zoning regulations. Another solution is to prox}ide a multiband antenna that includes
at least one array of radiating elements for each frequency band. See, for example, U.S. Pat.
Pub. No. 2012/0280878, the disclosure of which is incorporated by reference.- However,
multiband antennas may result an increase in antenna width to accommodate an increasing
number of arrays of radiating elements. A wider antenna may not fit in an existing location or, if
it may physically be mounted to an existing tower, the tower may not have been designed to
accommodate the extra wind loading of a wider antenna. The replacement of a tower structure is

an expense that cellular communications network operators would prefer to avoid when
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upgrading from a single band antenna to a dual band antenna. Also, zoning regulations can
prevent of using bigger antennas in some areas.

Another attempted solution may be found in Application No. PCT EP2011/063191 to
Hoﬁnann, et al. Hofmann suggests using diplexers to combine a LTE frequency band at
2.6GHz, with a SCDMA frequency band at 1.9-2.0GHz, and applying both bands to a common
radiating element. This helps reduce antenna width, but at a cost of increasing the number of
coaxial transmission lines in the antenné. In the example of Figure 2 of Hofmann, eight dual
polarized radiating elerﬁents are illustrated per column. For each column, there would be eight |
LTE coaxial lines and eight SCDMA coaxial lines, for each of two polarizations, yielding a total
of 32 coaxial lines per column. Given that there are four columns illustrated, the solution of

Hofmann would require 128 coaxial lines just betweén the phase shifters and the diplexers.

Summary

A multi-band antenna system may include an array of wide-band radiating elements and a
multi-band electrical tilt circuit. The multi-band electrical tilt circuit may include a plurality of
combiners, a first RF band variable phase shifter and a second RF band variable phas¢ shifter
implemented in a common medium. The common medium may comprise a PCB, a stripline
circuit, or the like. Each combiner of the plurality of combiners may include a combined port, a
first RF band port, and a second RF band port. The combined ports of the combiners are coupled
to the array of wide-band radiating elements. The first RF band variable phase shifter has a first
plurality of variably phase shifted ports connected to the first RF band ports of the plurality of
combiners via transmission line, and the second RF band variable phase shifter has a second

plurality of variably phase-shifted ports connected to the second RF band ports of the plurality of
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combiners via transmission line. The first RF band variable phase shifter is configurable
independently from the second RF band variable phase shifter. .

When the common medium comprises a single printed circuit board, the plurality of
combiners, at least a fixed portion of the first RF band phase shifter and at least a fixed portion of
the second RF band phase shifter are fabricated as part of the single printed circuit board.

The multi-band electriéal tilt circuit maf further comprise a third band, fourth band, or
more bands, by including a corresponding number of additional band phase shifters and
additional ports on the combiners. The number of combiners may equal a number of \;vide;band
radiating elements. The combiners may be implemented using stepped impedance microstrip on
PCB. The combiners may comprise diplexers and/or duplexers.

The multi-band antenna system of claim 1 may be jmplemented as a dual polarized
antenna system. In this example, the wide-band radiating elements comprise dual-polarized
Wide—band radiating elements and the multi-band electrical tilt circuit comprises a first
polarization multi-band electrical tilt circuit, coupled to a first polarization element of the dual
polarized wide band radiating elements, the multi-band antenna system further comprising a
second polarization multi-band electrical tilt circuit coupled to a second polarization element of
the dual polarized wide-band radiating elements. In another dual polarized example, there may
be a first multi-band electrical tilt circuit implemented in a common medium coupled to first
polarization feeds of the dual polarized wideband radiating elements, and a second multi-band
electrical tilt circuit implemented in another common medium coupled to second polarization

feeds of the dual polarized wideband radiating elements.
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Brief Description of the Drawings

Figure 1 is a schematic view of a dual band electric tilt circuit board according to one
example of the invention.

Figure 2 is a schematic view of a dual band electric tilt circuit board in the context of an
antenna system.

Figure 3 is 6ne example of a printed circuit board layout for a dual band electric tilt
circuit board accprding to the present invention.

Figure 4 .is a second example of a printed circuit board layout according to the present
invention including a plurality of diplexers mounted directly on the circuit board.

Figure 5 is another View of the example of Figure 4, with cavity housings removed to
reveal more detail.

Figure 6 is a detailed view of a diplexer that may be used in the printed circuit board

layout of Figures 4 and 5.

Detailed Description

A multi-band electrical tilt circuit board 10 is illustrated in schematic form in Figure 1.
As used herein, “multi-band” refers to two or more bands. The multi-band electrical tilt circuit
board 10 includes a transmission line termination 12 for a first RF band, a transmission line
termination 14 for a second RF band, a first RF band variable phase shifter 16, and a second RF
band variable phase shifter 18, The transmission line termination 12 is for terminating a
transmission line, such as a coaxial cable, from a radio operating in the first RF band, and
transmission line termination 14 is for terminating a transmission line from a radio operating in

the second RF band. There may also be transmission line terminations on the back or bottom of
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the antenna system, with an intermediate cable between the termination and the multi-band
electrical tilt circuit band 10. The transmission line terminations 12, 14 may comprise solder
pads or a capacitive coupling. This multi-band electrical tilt circuit board 10 may be suitable for
an antenna having a single polarization. In-another example, two multi-band electrical tilt circuit
boards 10 are employed, one for each polarization of a dual-polarized antenna.

The phase shifters 16, 18, may comprise variable differential, arcuate phase shifters as
illustrated in U.S. Patent No. 7,907,096, which is incorporated by reference. In such variable
phase shifters, a ro;catable wiper arm variably couples an RF signal to a fixed arcuate
transmission line. In the illustrated example, the phase shifters perform a 1:7 power division
(which may or may not be tapered) in the direction of radio transmission, and a 7:1 combination
in the direction of radio reception. One of ordinary skill in the art will readily recognize that
other types of phase shifters, such as phase shifters having greater or fewer ports, may‘be used
without departing from the scope and spirit of the invention. Herein, the terms “input” and
“output” refer to the direction of RF signals when transmitting from a base station radio to the
radiating elements of an antenna. However, the devices herein also operate in the receive
direction, and the terms “input” and “output” would be reversed if considering RF signal flow
from radiating elements to the base station radios. Taking the example of the first RF band
 variable phase shifter, an inpﬁt is coupled to transmission line termination 12. The phase shifter
has seven output ports, six of which are differentially variably phase shifted. There is also one
output which maintains a fixed phase shift, however, an output having a fixed phase relationship
to the input is optional.

The seven outputs of the phase shifters 16, 18 are individually coupled to seveﬁ

combiners 20. Each combiner 20 has three ports: 1) a first RF band port coupled to an output of
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phase shifter 16; 2) a second RT band port coupled to an output of phase shifter 18; and 3) a
combined port. The first and second RF band ports of the combiner 20 are coupled to
corresponding outputs on phase shifters 16, 18. For example, the first RF band port of a first
combiner 20 is coupled to the first output of first RF band phase shifter 16 and the second RF
band port of the first cc;mbiner 20 is coupled to the first output of second RF band phase shifter
18. In this example, the first RF band port of each combiner 20 is configured to pass signals
corresponding to the first RF band, and the second RF band port of each combiner 20 is
configured to pass signals corresponding to the second RF band. The combined port of each
cormbiner 20 is coupled to a cable termination 22. The combined port is configured to pass both
the first RF band and the second RF band.

The multi-band electrical tilt cir;:uit board 10, including the phase shifters 16, 18 and
combiners 20, may be implemented in a common medium. The commdn medium may comprise
a printed circuit board, an air suspended stripline construction, or other suitable medium. In
another example, the phase shifters 16, 18 may be implemented on a common medium and the
combiners 20 mayAbe fabricated separately and mounted on the common medium. For example,
the combiners may be implemented as a microstrip-fed cavity filter that is soldered onto a-PCB
including phase shifters 16, 18.

. While the multi-band electric tilt circuit board 10 of Figure 1 is illustrated as sérvicing
two RF bands, one of ordinary skill in the art will recognize that this structure may be expanded
to three or more RF bands. In such a case, the number of phése shifters, and the number of ports
on the combiners, would increase with each additional band. Additionaliy, a multi-band
electric.al tilt circuit board 10 may be configured for high band or low band operation. In one

example, involving low band frequencies, the first RF band may comprise 880-960 MHz and the
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second RF band may comprise 790-862 MHz. In another example hlvolving high band
frequencies, the first RF band may be 1710-1880 MHz and the second RF band may be 1920 |
MHz - 2170 MHz. Alternatively with respect to this example, a third RF band at 2.5-2.7 GHz
may be included. In another alternative embodimeﬁt, the first RF band may be 1710-2170 MHz
and the second RF band may be 2.5-2.7 GHz. Additional combinations of bands are
contemplated.

Referring to Figure 2, the schematic illustration of a multi-band electrical tilt circuit
- board 10 from Figure 1 is illustrated with coaxial connections to other components. Each
antenna element 34 is coupled to a combiner 20 by way of a coaxial transmission line 32 and a
cable termination 22. In some embodiments, each radiating element may be associated with a
circuit board or boards for terminating coaxial transmiséion line 36 and for providing a balun for
converting RF signals from unbalanced to balanced and back. The transmission line termination
12 terminates coaxial transmission line 36 from a radio operating inAthe first RF band, and
trapsmission line termination 14 terminates coaxial transmission line 38 from a radio operating
in the second RF band. |

Referring to Figure 3, one example of é physical implementation of a multi-band
electrical tilt circuit board 110 is illustrated. In this example, a fixed portion of a first band phase
shifter 116, a second band phase shifter 118 and the diplexers 120a -120g are implemented using
printed circuit board (PCB) fabrication techniques. Also illustrated are coaxial terminations 112
and 114. Rotatable wiper arms for the phase shifters 116, 118 are not illustrated to enhance
clarity of the fixed portions of the phase shifters 116, 118. Most preferably, the ﬁ?{ed portion of

the phase shifters 116, 118 and the diplexers 120a -120g are fabricated on a common PCB with
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microstrip transmission lines providing the connections between the components. This allows
" for a significant reduction in cables required.

Referring to Figures 4 and 5, a second example of a physical implementation of a multi-
band electrical tilt circuit board 210 is illustrated. In this example, each of a plurality c;f
diplexers 220 are implemented as a microstrip-fed cavity filter including a cavity housing 240.
The microstrip portion of the diplexer 220 may be fabricated on the same PCB as a fixed portion
of a first band phase shifter 216 and a second band phase shifter 218. In another example, the
diplexers 220 are separately fabricated PCB and cavity housing combinations, and are soldered
directly to a PCB including first band phase shifter 216 and second band phase shifter 218.

The diplexers may comprise two series notch filters (see, e.g., Figs. 5 and 6) with a
common port 222 in the middle, a first band input 224 at one end, and a second band input 226 at
the other end. The cavity housing 240 niay be machined to provide a cavity enclosing each
notch filter of the diplexer 220. Tuning plugs 242 may also be included to further tune the
frequency response of the notch filters. Figure 5 illustrates the multi-band electrical tilt circuit
board 210 with the cavity housings 240 removed.

Referring to Figure 6, one of the diplexers 220 of Figure 5 is illustrated in detail. The
diplexers 220 each have a common port 222 first band input 224, and a second band input 226.
The illustrated example contains three notch filters 228a between the first band input 224 and the
common port 222, and three notch filters 228b between thé second band input 226 and the |
common port 222. The notch filters 228a, 228b, are configured to pass the first and second
bands, respectively, and block other frequencieé. Alterneitively, ‘the diplexers may use a number
of resonant stﬁbs that act as stop-band ﬁlfers, blocking energy in specific bands. The resonant

frequency most heavily depends on the length of the stub and how the stub is terminated. For
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example an open-circuited stub will block frequencies such that the stub is a quarter-wavelength
long while a short-circuited stub will block frequencies such that the stub is a half-wavelength
long. The impedance of the stub also impacts its perfomance and in many cases performance
either in terms of amount of rejection in dB or bandwidth in frequency are imﬁroved by dividing
1’hé stub into subsections each with its own separate impedance.

Also illustrated in Figures 4 and 5 are coaxial terminations_ 212 and 214. Rotatable wiper
arms for the phase shifters 216, 218 are not illustra,ted to enhance claf,ity of the fixed portions of
the phase shifters 216, 218. Preferably, the fixed portion of the lphase shifters 216, 218 and the
diplexers 220 are fabricated on a common PCB with microstrip trallsmission lines providing the
connections between the components. This allows for a significant reduction in cat;les required.

The structure of the present invéntion permits independent adjustment of downtilt for
each band. Additionally, the present invention reduces weight and cabling complexity relative to
prior-known solutions.

While the invention has been described above by reference to various embodiments, it
should be understood that many changes and modifications can be made without departing from
the scope of the invention. It is therefore intended that the foregoing detailed description be
regarded as illustrative rather than limiting, and that it be understood that it is the following

claims, including all equivalents, that are intended to define the spirit and scope of this invention.

10
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What is claimed is:
L. A multi-band antenna system, comprising:
a. an array of wide-band radiating elements;
b. .a multi-band electrical tilt circuit implemented in a common medium, comprising:
1. aplurality of combiners, each combiner having a combined port, a first RF
band port, and a second RF band poft, the combined ports of the combiners being
coupled to the array of wide-band radiating elements;
2. a ﬁrst’RF band variable phase shifter having a first plurality of variably phase
shifted ports connected to the first RF band ports of the plurality of combiners via
transmission line;
3. asecond RF band variable phas'e shifter having a second plurality of variably
phase-shifted ports connected to the second RF band ports of the plurality of
combiﬁers via transmission line;
wherein said first RF band variable phase shifter is configurable independently from said

second RF band variable phase shifter.

2. The multi-band antenna system of claim 1, wherein the common medium comprises a
single printed circuit board, and the plurality of combiners, at least a fixed portion of the
first RF band phase shifter and at least a fixed portion of the second RF band phase

shifter are fabricated as part of the single printed circuit board.

3. The multi-band antenna system of claim 1, further comprising a third RF band phase

shifter having a third plurality of variably phase shifted ports, and wherein each combiner

11
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further comprises a third RF band port coupled to the third plurality of variably phase

shifted ports.

The multi-band antenna system of claim 1, further comprising a plurality of arrays of

wide-band radiating elements.

The multi-band antenna system of claim 1, wherein a number of combiners equals a

number of wide-band radiating elements.

The multi-band antenna system of claim 1, wherein the wide-band radiating elements
comprise dual-polarized wide-band radiating elements and the multi-band electrical tilt
circuit comprises a first polarization multi-band electrical tilt circuit, coupled to a first
polarization element of the dual polarized wide band radiating elements, the multi-band
antenna system further comprising a second polarization multi-band electrical tilt circuit
coupled to a second polarization element of the dual polarized wide-band radiating

elements.

The multi-band antenna system of claim 1, wherein the combiners are implemented using

stepped impedance microstrip on PCB.

The multi-band antenna system of claim 1, wherein each combiner further comprises a

diplexer.

12
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9.  The multi-band antenna system of claim 1, wherein each combiner further comprises a -

duplexer.

10.  The multi-band antenna system of claim 1, wherein the common medium comprises a
stripline assembly, and the plurality of combiners, a fixed portion of the first RF band

phase shifter and a fixed portion of the second RF band phase shifter are all fabricated as

part of the stripline assefmbly.

11. A multi-band antenna system, comprising:

a. an array of dual polarized wide-band radiating elements, the dual polarized wide band
radiating elements including a first polarization feed and a second polarization feed,

b. a first polarization multi-band electrical tilt circuit implemented in a first common
medium,. comprising:

- 1. aplurality of first polarization combiners, each combiner having a combined
port, a first RF band port, and a second RF band port, the combined ports of the
combiners being coupled to the first polarization feed of the array of wide-band
radiating elements;

2. afirst RF band first polarization variable phase shifter having a first plurality
of variably phase shifted ports connected to the first RF band ports of the plurality
of first polarization combiners via transmission line;

3. asecond RF band phase first polarization variable shifter having a second
plurality of variably phase-shifted ports connected to the second RF band ports of

the plurality of first polarization combiners via transmission line; and

13
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‘b. asecond polarization multi-band electrical tilt circuit implemented in a second
common medium, comprising:
1. a plurality of second polarization combiners, each combiner having a
éombined port, a first RF band port, and a second RF band port, the combined
ports of the second polarization combiners being coupled to the second
polarization feed of the array of wide-band radiating elements;
2. é first RF band second polarization variable phase shifter having a first
plurality of variably phase shifted ports connected to the first RF band ports of the
. plurality of secondipolarization combiners via transmissipn line;
3. asecond RF band second polarization variable phase shifter having a second
plurality of variably phase shifted ports connected to the second RF band ports of
the plurality of second polarization combiners via transmission line;
wherein said first RF band variable phase shifters are configurable independently from

said second RF band variable phase shifters.

12.  The multi-band antenna system of claim 11, wherein each of the first and second
common media comprise a single printed circuit board, and the plurality of combiners, at
least a fixed portion of the first RF band phase shifter and at least a fixed portion of the

second RF band phase shifter are fabricated as part of the single printed circuit board.

14
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