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(54) Phase shifter tunable via apertures in the ground plane of the waveguide

(57) A phase shifting element adapted to introduce
a variable phase shift to an electromagnetic wave in-
cludes a transmission line segment (10), such as a
microstrip line segment (1) or a segment of a
waveguide, above a ground plane (or waveguide wall)
(2). The ground plane or wall (2) includes at least one
aperture (3) positioned below the microstrip line or

waveguide segment (1). An electrically conductive tun-
ing plate (4) is provided adjacent the ground plane or
wall (2) and is movable, toward or away from the ground
plane or wall. Movement of the tuning plate (4) provides
adjustment of the phase shift introduced to an electro-
magnetic wave propagated through the waveguide seg-
ment.
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Description

[0001] This invention relates to a technique for creat-
ing a variable phase shift in a transmission line and to
the use of such a technique in an antenna array.
[0002] Phase shifters are well know and come in a va-
riety of different types. Ferrite phase shifters use plates,
rods and other shapes of ferromagnetic material inside
a waveguide or transmission line. The magnetic perme-
ability of the material defines the propagation constant
of such lines which can be controlled by an external
magnetic field. Ferrite phase shifters can be operated
at high speed (in the order of milliseconds for a 360°
phase shift) and can be integrated into the feeding net-
work of antennas.
[0003] However, ferrite phase shifters are too expen-
sive for low cost applications such as base station an-
tenna technology, and personal mobile satellite based
systems. In addition, ferrite phase shifters require a rel-
atively high level of DC power for operation and intro-
duce typical losses of around 1dB per 360° phase shift.
Bandwidth is also limited for these devices to 5-10%.
[0004] Mechanical phase shifters are based on the
mechanical displacement of a structure inside a trans-
mission line or waveguide in order to change the prop-
agation constant. The mechanical displacement may be
achieved, for example, by using piezoelectric, electro-
static or electrical motor devices. They are potentially
low cost, broadband devices, with low DC power con-
sumption and are well suited to mass production. How-
ever, these devices have some practical limitations.
[0005] Examples of prior mechanical phase shifters
based of the displacement of dielectric slabs inside or
in the proximity of transmission lines are described in
US-A-5504466, US-A-5940030 and EP-A-0984509.
These devices usually require the displacement of large
dielectric slabs over a distance of several millimetres.
This severely limits the speed at which the phase shifter
is able to operate. In addition, low cost, low power pie-
zoelectric and electrostatic technologies, cannot be
used, since their movement is typically limited to less
than 1mm. Typically, these devices require high dielec-
tric constant materials for a practical, compact design
and this also increases the cost of the device and typi-
cally also increases losses.
[0006] Examples of prior mechanical phase shifters
based on the physical alteration of the length of trans-
mission lines are described in US-A-5440318 and EP-A-
1033733. These devices are potentially low cost, use
low power and have low power losses. However, mov-
able parts in the transmission line introduce interface
problems between these devices and fixed transmission
lines to which they are connected thereby adding me-
chanical complexity to the devices (for example requir-
ing the incorporation of sliding contacts). In addition, be-
cause the amount of phase shift introduced is propor-
tional to the length extension amount of the device,
speed is also low since large mechanical displacements

are required (typically several millimetres at 10GHz).
[0007] It is therefore an object of the present invention
to provide a phase shifting element which will go at least
some way towards overcoming the above disadvantag-
es.
[0008] Accordingly, in a first aspect, the invention con-
sists in a phase shifting element comprising:

a transmission line segment adapted to support the
propagation of an electromagnetic wave and includ-
ing a ground plane or wall having at least one ap-
erture,
an electrically conductive plate adjacent the ground
plane or wall, and
displacement means connected to the electrically
conductive plate and adapted to adjustably alter the
distance between the electrically conductive plate
and the ground plane or wall thereby adjusting the
amount of phase shift introduced to the electromag-
netic wave as it passes through the transmission
line segment.

[0009] Preferably a plurality of apertures are arranged
periodically in the ground plane or wall in a series.
[0010] Preferably the shape, pitch and/or size of indi-
vidual ones of the periodically arranged aperture series
are varied in order to improve the impedance match be-
tween the transmission line segment and a connected
transmission line.
[0011] Preferably the apertures are rectangular and
the lengths of the apertures at either end of the period-
ically arranged series are reduced as compared to the
length of the apertures in the middle of the aperture se-
ries.
[0012] Preferably the transmission line segment is a
microstrip line or stripline segment on a printed circuit
board and the series of apertures are provided in the
ground plane, directly beneath and aligned with the
microstrip line or stripline.
[0013] Alternatively, the transmission line segment is
a segment of ridge, rectangular or circular waveguide
and the apertures are provided in one of the walls of the
waveguide.
[0014] Preferably the width of the apertures in a direc-
tion parallel to the transmission line is less than or equal
to about λ/10, where λ is the wavelength of the electro-
magnetic wave at the operating frequency.
[0015] Preferably the electrically conducting plate is
covered with a dielectric or ferrite layer on the surface
of the ground plane or wall of the transmission line seg-
ment.
[0016] Preferably the transmission line segment and
series of apertures follow the same, meandering path.
[0017] Preferably the meandering path comprises a
plurality of straight paths series connected at angles to
one another.
[0018] In a further aspect, the invention consists in a
control system for an antenna array including a phase
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shifting element according to the first aspect.
[0019] Preferably the control system incorporates a
plurality of phase shifting elements connected together
and share a common electrically conductive plate.
[0020] Particular embodiments of the invention will
now be described by way of example with reference to
the accompanying drawings in which:

Figure 1A is a plan view from above of a phase shift-
ing element in accordance with a first embodiment
of the present invention;
Figure 1B is a cross-sectional side elevation of the
phase shifting element of Figure 1A though B-B;
Figure 2 is a plan view of an alternative embodiment
of the phase shifting element of Figures 1A and 1B
in which an integrated impedance matching struc-
ture is provided;
Figure 3 is a cross-sectional view through a planar
phase shifter incorporating the phase shifting ele-
ment of Figures 1A and 1B;
Figure 4 is a plan elevation of a series of the phase
shifting elements of Figures 1A and 1B coupled to-
gether in series; and
Figure 5 is a plan elevation of an alternative embod-
iment of phase shifting element according to the
present invention in which the transmission line fol-
lows a meandering path.

[0021] Although the phase shifter according to the
present invention will initially be described using a
microstrip transmission line, it should be noted that the
same principle may be directly implemented using
waveguide structures (for example rectangular or ridge)
and other transmission line technologies including con-
ventional or suspended stripline or triplate structures.
[0022] With particular reference to Figure 1, a phase
shifting element 10 consists of a transmission line seg-
ment (or waveguide) 1, the ground plane (or wall) 2 of
which is perforated with small apertures 3 (for example,
7 slots are shown in the example of Figure 1). Prefera-
bly, the apertures 3 are periodically distributed parallel
to the direction of propagation of the wave. An electro-
magnetic wave is launched from one end of the trans-
mission line 1 and received at the other end with a cer-
tain amount of phase shift. In the case the transmission
line comprising a microstrip line, the apertures may be
rectangular slots on the ground plane of a printed circuit
board 6, however other aperture shapes can be used,
such as circular or square holes. The ground plane may
be a solid metal plate or may be a mesh.
[0023] The apertures 3 are preferably much smaller
than the wavelength of the electromagnetic wave at the
operating frequencies (for example, having a width of
less than or equal to about λ/10 where λ is the wave-
length of the electromagnetic wave at the operating fre-
quency) to avoid leakage of energy by radiation. How-
ever, the apertures should be able to store a consider-
able amount of electromagnetic energy. This is

achieved by locating the apertures in regions where the
electric and/or magnetic fields have maximum strength.
For the microstrip line, maximum field strength occurs
just beneath the line conductor 1. When the apertures
3 are introduced, the amount of magnetic and electric
energy stored per unit length in the line is altered, re-
sulting in a change in the propagation constant with re-
spect to the original transmission line segment.
[0024] A tuning electrically conductive plate 4, for ex-
ample a metal plate, is placed adjacent and close to the
apertures 3 to control the propagation constant of the
line. In theory, when the tuning plate 4 is at zero distance
from the apertures, the propagation constant is identical
to the propagation constant of the un-slotted transmis-
sion line segment. As the tuning plate 4 is separated
from the apertures 3, the propagation constant changes
gradually towards the propagation constant of the line
loaded by the apertures. As a consequence, the phase
of the electromagnetic wave at the end of the transmis-
sion line segment is controlled by the movement of the
tuning plate. As an example, at microwave operating fre-
quencies, it is expected that displacement of the tuning
plate will be between 0 to 2mm from the ground plane 2.
[0025] The tuning plate 4 is suspended parallel to the
slotted ground plane 2 and does not require any electri-
cal connection to the transmission line. As a result, the
geometry of the phase shifting element is identical to a
conventional transmission line or waveguide, ensuring
simple interfacing to other transmission lines.
[0026] The apertures 3 on the ground plane 2 are tun-
able impedance loads on the transmission line 1. If the
apertures are periodically distributed (as shown in Fig-
ures 1a and 1b), the line can be seen as periodically
loaded. Typically, the pitch between the apertures is
smaller than about a quarter wavelength. In this case,
the loaded line behaves as a new transmission line, with
a new effective characteristic impedance and propaga-
tion constant. The amount of impedance loading is mod-
ified by the proximity of the ground plane 2.
[0027] The effect of the apertures in the transmission
line segment may alternatively be explained using the
concept of artificial dielectric. Small apertures in a me-
tallic wall have an associated magnetic dipolar moment.
If the apertures are much smaller than the wavelength
(typically around λ/10) they produce an average mag-
netic moment per surface unit that contributes to the ef-
fective magnetic polarisability of the substrate 2 in a sim-
ilar way to the magnetic dipolar moment from atoms and
molecules of the substrate. As a result, the apparent
magnetic permeability of the substrate 2 is increased by
the magnetic field induced into the apertures.
[0028] To produce a variable phase shift, the metallic
tuning plate 4 is placed close to the apertures 3 on the
transmission line. The tuning plate 4 alters the induced
magnetic dipolar moment of the apertures and therefore
the propagation constant of the transmission line seg-
ment. If the distance between the tuning plate 4 and the
apertures 3 is varied, the propagation constant of the
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line is also changed accordingly and, as a consequence,
the phase of the electromagnetic wave is also changed.
[0029] With reference now to Figure 2, the phase
shifting element 10 may be provided with an integrated
impedance matching structure wherein the size, pitch
and/or shape of the apertures can be varied to match
the aperture-loaded line to the connected input/output
standard lines. Typically, a gradual change of the aper-
ture sizes (taper) can provide a good broadband imped-
ance match, provided that the phase shifting element is
at least one wavelength long. In the phase shifting ele-
ment example of Figure 2, tapered apertures 5 having
varying, shorter lengths are provided at either end of a
series of uniform length apertures.
[0030] A particular advantage of this integrated
matching structure is that the return loss is low for all
displacements of the tuning plate 4 (and therefore all
phase shift settings within the range of the device). This
happens because when the ground plane is at zero dis-
tance from the apertures the transmission line appears
unloaded and the return loss is extremely low. As the
tuning plate 4 is separated from the apertures 3, a rela-
tive phase shift is produced, but the taper of the aper-
tures always ensures a smooth transition from the input
lines. As a result, the phase shifting element 10 is
matched in an adaptable way. This flexible behaviour
saves space and increases performance in comparison
to rigid matching structures designed to cope with a
broad range of propagation constant.
[0031] The taper of the apertures can, for example,
be linear (as shown in Figure 2), parabolic or any other
custom profile to obtain the lowest reflection. Preferably,
the taper will be optimised for the maximum separation
of the tuning plate 4 from the apertures 3 since very low
reflection is expected for the minimum (zero) separa-
tion. The apertures can form blocks of different sizes
rather than a continuous taper. These blocks are typi-
cally λ/4 sections that can match the device over a nar-
rowband.
[0032] Examples of devices including the phase shift-
ing element 10 according to the present invention will
now be described with reference to Figures 3 and 4. A
planar phase shifter may be implemented using simple
manufacturing procedures, typically in a physically pla-
nar form (for example microstrip line). An example is
shown in Figure 3 which is suitable for mass production
of low cost phase shifting devices.
[0033] The sensitivity of the device with respect to dis-
placements of the tuning plate is very high (typically en-
abling phase shifts of up to 250° per mm of displacement
in the microstrip implementation) depending upon de-
sign. As a result, piezoelectric and electrostatic or other
low cost displacement mechanisms 7 can be employed
to produce accurate vertical displacement of the tuning
plate 7, keeping a low profile and low power consump-
tion. However, conventional electrical motors can also
be used as a low cost displacement mechanism in some
cases.

[0034] The apertures 3 may be etched or mould cut
in the ground plane 2 (or a flat electrically conductive
wall of the transmission line or waveguide in alternative
implementations). The amount of phase shift achieved
per unit of length can be enhanced by coating the tuning
plate 4 with a dielectric of ferrite material.
[0035] A single control compact scanning array an-
tenna is possible by coupling together a plurality of
phase shifting elements according to the present inven-
tion.
[0036] Figure 4 shows an example layout of four se-
ries coupled phase shifting elements, each of which
share a single tuning plate 4 and which combine to form
a microstrip array. Because each of the phase shifting
elements 10 share a common tuning plate 4, all of the
phase shifting elements are electromagnetically cou-
pled. This arrangement can be used to implement a
scanning array that requires a single control for all of the
phase shifters of a corporate or series feeding network
having multiple input/output ports 8.
[0037] The tuning plate 4 can be slightly inclined or
shaped (for example curved) to produce an initial phase
distribution in the array, which may then be varied glo-
bally as the plate displacement is altered. The array can
be configured to scan a beam of a linear, planar or con-
formal array for example, in a single plane and, if appro-
priately configured, in arbitrary scan directions.
[0038] Figure 5 shows a further embodiment of a
phase shifting element 10 wherein the microstrip line 1
follows a meandering path over selected apertures 3 in
a ground plane 2. The apertures shown in Figure 5 are
square shaped and include tapered apertures 5 having
gradually reduced sizes to achieve the above described
impedance matching benefits. This embodiment allows
a relatively long length of transmission line segment to
be used in a reduced space and therefore improves the
compactness of the device incorporating the phase
shifter. The apertures could of course be other shapes,
such as rectangular or circular, and the microstrip line 1
could be replaced with other transmission line types
such as waveguide structures.

Claims

1. A phase shifting element comprising:

a transmission line segment adapted to support
the propagation of an electromagnetic wave
and including a ground plane or wall having at
least one aperture,
an electrically conductive plate adjacent the
ground plane or wall, and
displacement means connected to the electri-
cally conductive plate and adapted to adjusta-
bly alter the distance between the electrically
conductive plate and the ground plane or wall
thereby adjusting the amount of phase shift in-
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troduced to the electromagnetic wave as it
passes through the transmission line segment.

2. A phase shifting element as claimed in claim 1,
wherein a plurality of apertures are arranged peri-
odically in the ground plane or wall in a series.

3. A phase shifting element as claimed in claim 1 or
claim 2, wherein the shape, pitch and/or size of in-
dividual ones of the periodically arranged aperture
series are varied in order to improve the impedance
match between the transmission line segment and
a connected transmission line.

4. A phase shifting element as claimed in any one of
the preceding claims, wherein the apertures are
rectangular and the lengths of the apertures at ei-
ther end of the periodically arranged series are re-
duced as compared to the length of the apertures
in the middle of the aperture series.

5. A phase shifting element as claimed in any one of
the preceding claims, wherein the transmission line
segment is a microstrip line or stripline segment on
a printed circuit board and the series of apertures
are provided in the ground plane, directly beneath
and aligned with the microstrip line or stripline.

6. A phase shifting element as claimed in any one of
claims 1 to 4, wherein the transmission line seg-
ment is a segment of ridge, rectangular or circular
waveguide and the apertures are provided in one
of the walls of the waveguide.

7. A phase shifting element as claimed in any one of
the preceding claims, wherein the width of the ap-
ertures in a direction parallel to the transmission line
is about λ/10, where λ is the wavelength of the elec-
tromagnetic wave at the operating frequency.

8. A phase shifting element as claimed in any one of
the preceding claims, wherein the electrically con-
ducting plate is covered with a dielectric or ferrite
layer on the surface of the ground plane or wall of
the transmission line segment.

9. A phase shifting element as claimed in any one of
the preceding claims, wherein the transmission line
segment and series of apertures follow the same,
meandering path.

10. A phase shifting element as claimed in claim 9,
wherein the meandering path comprises a plurality
of straight paths series connected at angles to one
another.

11. A control system for an antenna array including a
phase shifting element according to any one of the

preceding claims.

12. A control system for an antenna array as claimed in
claim 11, wherein a plurality of phase shifting ele-
ments are connected together and share a common
electrically conductive plate.
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