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(54)  Antenna structure

(57) A wearable antenna assembly incorporates a but the coplanar waveguide feed is simply modified to
coplanar waveguide feed in one of the arms of a two-arm provide a quarter-wave transformer adjacent to the feed
spiral antenna. The antenna has relatively high imped- connection to the antenna and at least one further im-
ance compared with the feed line from a suitable radio pedance transformation step on a tangential extension
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Description

[0001] The present invention relates to a structure for
an antenna. Embodiments of the invention find particular
application in flexible structures for radio antennas, such
as those which can be incorporated into clothing.
[0002] Wearable antennas have been developed for
use in variety of communications applications. The con-
struction of an antenna using thin, flexible materials has
been investigated, giving a lightweight, discrete result
which does not hinder the wearer’'s movements.

[0003] There are several challenges in developing a
wearable antenna which can forexample be incorporated
into clothing. Both the antenna and its feed need to be
relatively undetectable and also sufficiently robust, for
instance to withstand normal movement and handling of
the clothing, and washing.

[0004] Generally, in practice, antennas require a bal-
anced feed in order to prevent the feed itself from radi-
ating as well as the antenna. If the feed radiates, it re-
duces the efficiency of the antenna, can distort the radi-
ation/reception pattern and can interfere with other equip-
ment. The output of a radio for use with a wearable com-
munications antenna is unbalanced. It is known to use a
transmission line plus a balun to convert the radio output
to a balanced antenna feed. Available baluns tend to be
easily detectable however.

[0005] Spiral antennas are known which have an "in-
finite balun". These have a feed which winds into the
centre of the spiral. They were originally published by J.
D. Dyson, for example in 1959 in a paper entitled "The
Equiangular Spiral Antenna," in Transactions of the In-
stitute of Radio Engineers. US patent 5815122 discloses
a structure of this type. Such arrangements function with-
out an additional balun structure but have significant
depth, making them very detectable.

[0006] "Spiral" in the context of this specification in-
cludes any path on a plane that winds around a fixed
centre point at an increasing or decreasing distance from
the point. Although the increase or decrease of the dis-
tance may be continuous and/or regular, it is not essen-
tially so. The term "spiral" therefore encompasses
shapes that might be described as non-circular.

[0007] Other constraints with regard to wearable an-
tennas and their feeds are impedance matching, com-
patibility with broadband operation, delivery of adequate
signal power for use in the field, for example 5 Watts or
more, and the effect of variable proximity to the body.
[0008] According to a first aspect of the present inven-
tion, there is provided an antenna assembly for use as a
wearable antenna, the antenna comprising at least two
spiral arms, one of the arms being constructed to provide
a feed structure to a feed connection to at least one other
arm in the central region of the spiral antenna, the feed
structure comprising a coplanar waveguide.

[0009] The arm constructed to provide the feed struc-
ture may indeed consist of said coplanar waveguide. That
is, the arm comprises slots and a line conductor in a co-
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planar ground plane, the outer edges of the ground plane
providing the width of the arm.

[0010] It has been found that such an antenna assem-
bly provides an acceptable performance in spite of a
structural difference between the arms.

[0011] A spiral antenna of this type does not require a
separate balun, benefitting from the "infinite balun" effect
mentioned above.

[0012] The coplanar waveguide feed structure may
provide one or more impedance transforming structures
for matching the impedance of a signal feed line, for ex-
ample from a radio source, to that of the spiral antenna.
For example, the ratio of the width of the slots to the width
of the line conductor can be changed to alter the imped-
ance of the coplanar waveguide.

[0013] In use, the coplanar waveguide will not gener-
ally present a flat surface since a wearable antenna may
often be subjected to bending or folding. The term "co-
planar" is intended to mean a waveguide in which wave-
guiding is provided by the feed structure when its ele-
ments share a common plane but encompasses such
feed structures when bent or folded.

[0014] Conveniently, the coplanar waveguide feed
structure can easily be designed to provide a quarter
wave impedance transformer at the central region of the
antenna, where there is a feed connection between the
feed structure and the spiral antenna. This can be done
by positioning a step change in the ratio of the width of
the slots to the width of the line conductor at a point along
the slot waveguide which lies one quarter wavelength of
the carrier signal wavelength of the antenna, in use, along
the waveguide from the feed connection.

[0015] Microstrip transmission line feeds using flat
conductors give low attenuation and high power handling
when the strip width is maximised but this leads to incon-
veniently low impedance because of the small thickness
generally provided by wearable fabrics. Typical, weara-
ble cloth substrates, such as cotton, are often no more
than 1mm thick and can be no more than 0.5mm or
0.3mm. A coplanar waveguide for a wearable spiral an-
tenna is best suited to impedances of 75 Q to 125 Q, for
instance of the order of 100 Q, where the ratio of the air
gap to the conductor width is suitable large and the slot
width can be of order 1mm, reducing the chance of ac-
cidental short circuits when the material is crumpled
[0016] Wearable antennas according to embodiments
of the invention have been found to have impedances of
150 Q and above, for example of the order of 190 Q. In
this case, the quarter wave impedance transformer de-
scribed above might be constructed to provide imped-
ance matching between the antenna and a feed structure
having an impedance in the range 75 Q to 125 Q, for
instance of the order of 100 Q. This allows the bulk of
the spiralarm providing the feed structure to be construct-
ed with practical dimensions in respect of slot width while
also being integral with a suitable quarter wave imped-
ance transformer at the feed connection.

[0017] Typical radio feed lines for wearable antennas
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have an impedance of about 50 Q. Feed structures used
inembodiments of the invention can conveniently provide
impedance matching to the feed line as well as to the
antenna. For example, the coplanar waveguide feed
structure may have an extension with respect to the outer
edge of the spiral antenna, which extension provides an
impedance matching section for matching the imped-
ance of the coplanar waveguide of the feed structure to
that of a signal feed line. For good performance, this ex-
tension might be linear and may be tangential to the outer
edge of the spiral antenna.

[0018] Some spiral antennas have an absorbing cavity
behind them. In embodiments of the invention the wear-
able antenna, or at least the wearable fabric it is con-
structed on, can be worn close to or against the human
body which provides the absorption.

[0019] Embodiments of the invention can be construct-
ed in just one plane, on a flexible material, making them
difficult to detect, even by a body search, and easily in-
corporated into clothing. They allow a suitable antenna
plus feed structure to be provided in spite of the tight
requirements of wearable antennas in terms of detecta-
bility, robustness and electrical parameters.

[0020] A spiral antenna assembly will now be de-
scribed as an embodiment of the invention, by way of
example only, with reference to the following figures in
which:

Figure 1 shows a diagrammatic plan view of a two
arm, spiral antenna assembly according to an em-
bodiment of the invention having a coplanar
waveguide constructed in one of the arms;

Figure 2 shows a cross section taken along the line
A-A shown in Figure 1, viewed in the direction of the
arrows, showing the coplanar waveguide of Figure 1;

Figure 3 shows a diagrammatic plan view of the cen-
tral portion of the antenna assembly of Figure 1;

Figure 4 shows a cross section taken along the line
B-B shown in Figure 3, viewed in the direction of the
arrows and showing the narrowed slots of a quarter
wave transformer in the waveguide;

Figure 5 shows a vertical cross section through an
edge-coupled transmission line, the Babinet dual of
the two-slot coplanar waveguide of Figure 1;

Figure 6 shows a graph of the impedance of the
edge-coupled transmission line of Figure 5 and the
coplanar waveguide of Figure 1, in terms of the ratio
between the conductor (or slot) width "w" and the
slot (or conductor) width "s";

Figure 7 shows a graph of the attenuation of the co-
planar waveguide of Figure 1 for a fixed slot width
"w" and varying conductor width "s";
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Figure 8 shows a diagrammatic view from above of
a transformer for use at the outer end of the coplanar
waveguide of Figure 1;

Figure 9 shows a graph of the measured return loss
of a three stage transformer on cotton cloth;

Figure 10 shows a graph of a predicted return loss
of the antenna of Figure 1; and

Figure 11 shows a plan view of an arrangement for
connecting the coplanar waveguide of Figure 1 to a
radio.

[0021]
to scale.
[0022] Referring to Figures 1 to 4, a two-arm spiral
antenna 100, 105 has a feed structure constructed in one
of the arms 105. The two arms 100, 105 are joined at the
centre 110 of the antenna and the feed structure com-
prises a pair of slots 125 and a line conductor 130 in a
ground plane 200, 205. The slots 125 effectively give a
coplanar waveguide ("CPW") feed line constructed in an
arm 105 of the antenna which begins at the outside of
the antenna spiral and winds into the centre 110 where
the centre conductor 130 has a feed connection 305 to
the unmodified arm 100 of the antenna.

[0023] Indeed the arm 105 providing the feed structure
consists of the feed structure, the outer edges of the
ground plane 200, 205 defining the width of the arm 105.
[0024] The antenna described here is intended for use
with Multiband Inter/Intra Team Radios ("MBITRs"),
these being operable at 5W power level and providing a
50 Q feed.

[0025] The winding of the transmission line around the
spiral creates a balanced feed.

[0026] There is a requirement for an impedance trans-
former between the 50 Q impedance of the signal feed
line fromthe radio and that of the antenna which is roughly
200 Q. This can be done in sections of the waveguide
feed line by changes in the width of the slots 125. A sec-
tion adjoining the feed connection 305 of the antenna
has the widest slot width, giving a roughly 150 Q imped-
ance, and the outer end of the arm 105 has an extension
145 along a tangent to the antenna where the slots 125
have a reduced slot width in order to match to the feed
from the radio. The main length of the feed structure has
slots whose width is designed for 100 Q impedance as,
in the embodiments described below, these are suffi-
ciently robust in use while allowing a quarter wave trans-
former to be constructed at the feed connection to the
antenna. The gap between the conductors at this imped-
ance is greater than 1 mm which gives a reasonable lack
of sensitivity to fabrication errors, crumpling of the mate-
rial, or damage due to washing, etc.

[0027] The antenna is a symmetrical two-arm spiral,
so it might be expected that it needs a symmetrical feed
at the centre but it has been found unnecessary in em-

It should be noted that the figures are not drawn
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bodiments of the invention.

[0028] In more detail, the antenna is an Archimedean
spiral of known type. The centrelines of the spiral arms
are defined by:

r =r0§expj9 where 0 £8 <6y
0

with outer radius ry = 225 mm and maximum angle 8, =
6I1.

[0029] The widths of the arms 100, 105 is 20mm each,
leaving a gap of 17.5mm between them. The centre con-
ductor 130 of the CPW feed is 5 mm wide. One arm 105
carries the CPW feed, while the other arm 100 is unmodi-
fied. The antenna is therefore not quite the Babinet dual
of itself, but its input impedance is close to the ideal im-
pedance of a self-complementary antenna, which in this
case would be 188 Q.

[0030] The overall diameter of a spiral antenna is usu-
ally atleast one wavelength at the lowest frequency used.
The embodiment described here is of a size that ideally
would carry frequencies from about 500 MHz upwards.
[0031] Innormal usage, with a MBITR radio, a quarter
wavelength of the carrier signal in the CPW feed is
210mm. The angle in the spiral from its centre to the point
where s = 210mm is 6 = 325°.

[0032] The spiral antennacan be fedinknown manner,
using a coaxial cable (not shown).

[0033] The width of both arms 100, 105 (20mm) and
the width of the centre conductor 130 (5mm) have been
made as large as possible so as to minimise the resistive
loss in the feed structure 200, 125, 130, 205. The slots
125 are each 1.25 mm wide, leaving the ground plane
conductors 200, 205 each 6.25 mm wide. A centre con-
ductor 130 wider than 5mm could be used, but the outer
ground plane conductors 200, 205 would then be rela-
tively narrow and this might affect the impedance of the
CPW feed structure.

[0034] The currents associated with the spiral-mode
and CPW mode of the antenna are approximately orthog-
onal. For the radiating spiral mode of the antenna, the
currents flow in the same direction on all three conductors
200, 130, 205 of the CPW line. For the CPW mode of
transmission, the currents are equal and opposite on the
centre and outer conductors.

[0035] The antenna is fabricated from a sheet of con-
ductive, flexible material, prior to mounting on a wearable
fabric 140. As shown in Figure 1, it has several fine con-
necting structures 115 to give it stability during production
but these would be removed in the finished antenna.
[0036] The material of the antenna may be any suitable
conductive material. However, a conductive material for
use with wearable fabrics 140 is Nora Dell Nickel-Cop-
per-Silver plated nylon plain weave fabric, manufactured
by Shieldex Trading Incorporated, with a quoted average
resistivity of 0.005 Q/sqg. The antenna 100, 105 and its
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impedance matching extension 120, 145 can be laser
cut from this material. An important feature of a wearable
antenna and its feed is the power handling. For example,
in order to handle the 5W output of an MBITR radio, it is
important that materials in the antenna assembly do not
overheat. It was found that the spiral antenna assembly
was acceptable in this respect, as long as relatively low
resistivity material was used and the Nora Dell fabric was
good in this respect.

[0037] The antenna is mounted on cotton T-shirt style
fabric 140. Typical thicknesses of wearable cotton fabric
are of the order of 0.3mm. Although other attachment
techniques might be desirable in practice, a working em-
bodiment of the invention can be constructed using ad-
hesive TESA® tape (manufactured by TESA SE) applied
to one side of the laser cut Nora Dell material. The back-
ing is removed from the TESA tape and the design can
be pressed on to a wearable fabric such as cotton sheet.
[0038] The antenna has an expected impedance of
188 Q while the main length of the CPW feed has an
impedance of 100 Q. Immediately before the central feed
point 305, a quarter-wave transformer of 137 Q is intro-
duced to match the expected impedance of the antenna
to the 100 Q feed. The length of this transformer might
be any odd multiple of quarter wavelengths, such as
three, but in this case is 210mm, which is one quarter-
wavelength at 300MHz, allowing for the empirically
measured velocity factor of 0.84 for CPW on the 0.3mm
cotton fabric. A three quarter-wavelength transformer
would only be matched over a narrower bandwidth.
[0039] The feed arm 105 has an extension 120, 145
at atangent for a distance of 500mm to provide matching
to the 50 Q signal feed line of the radio. In more detail,
the extension has a first section 120 adjoining the anten-
na arm 105 which is 300 mm long and maintains the slot
width at 1.25 mm, as it is in the arm 105. There is then
a second section 145 which is 200 mm long and has a
slot width 0.33 mm. The second section 145 steps down
the 100 Q impedance of the feed arm 105 to a suitable
impedance, approximately 70 Q, for connection to the 50
Q radio feed line.

[0040] Referring to Figures 3 and 4, which show the
section of the CPW providing the quarter-wave trans-
former 300, it can be seen that the slots 125 have a wider
width "w", this being 2.0 mm. (Figure 3 shows an enlarge-
ment of the box 135 shown in dotted outline in Figure 1.)
[0041] Referring to Figures 2 and 5, the two slots 125
of the feed line are the Babinet dual of an edge-coupled
transmission line having conductors 500A, 500B of width
"w" and separation "s". In the feed line shown in Figure
2, "s" represents the width of the centre conductor 130
and "w" the gap between the centre conductor 130 and
the outer ground planes 200, 205.

[0042] Referring to Figure 6, the impedance 600 of the
feed line 200, 130, 125, 205 can be derived from the
impedance 605 of the complementary edge-coupled
transmission line of Figure 2. In the latter case, itis known
that the impedance is approximately:
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376.7K(s/(s + 2w))

when the lines are in vacuum. In Figure 6, this gives an
impedance 600 for the coplanar feed line 200, 130, 125,
205 which, for example, rises above 100 Q at a ratio w/s
of approximately 0.26.

[0043] Referringto Figure 7, a prototype feed line hav-
ing a centre conductor of width "s" and slot width "w" was
constructed in copper tape on a metallised nylon fabric
with a surface resistivity of 0.1 Q /sq. The attenuation
700 was measured for a fixed slot width "w" of 1 mm and
a varying width "s" of the centre conductor 130. For a set
of three impedances, the attenuation was approximately
as given below:

"s"=10mm 78 Q: 0.3 dB/m
"s" =4mm 100 Q: 0.55dB/m
"s" =1mm 147 Q:  1.47 dB/m

[0044] It can be seen that there is a trade-off between
the size of the structure, and therefore the degree of de-
tectability, and the attenuation. Other factors, in practice,
include for example the maximum current for which a
conductor is still comfortable to the touch and the mini-
mum slot width (about 1mm) which is electrically and
physically robust enough in use.

[0045] Referring to Figure 8, a further function of the
slots 125 is to match the impedance of the antenna to
the impedance of the feed to it, which is typically 50 Q.
This can be done by stepping the width "w" of the slots
125 from a low value at the outside of the antenna spiral
to a higher value at the centre 110. A two-stage trans-
former is shown in Figure 8, having a first part 805 where
the slot width "w" has a low value and a second part 800
where the slot width "w" has a high value.

[0046] In practice, for a prototype antenna, a three
stage transformer was constructed, in copper tape on a
metallised nylon fabric, in order to match from the 50 Q
input line to the approximately 200 Q seen at the feed
connection 305 of the antenna. This had a return loss of
20 dB across a 3:1 band. The centre conductor 130 line
width was 5 mm. The impedances and slot widths "w" of
the three stages were as follows:

Section | Impedance (Q2) | "w" (mm)
Input 50 0.055

1 67 0.25

2 100 1.3

3 150 5.4

[0047] In the above, it can be seen that the input line
(50 Q) was connected directly to a 67 Q section of the
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three-stage transformer. The 0.055 measurement for "w"
was found too difficult to realise in the copper tape pro-
totype.

[0048] Referring to Figure 9, in order to measure the
return loss 900 of the prototype three-stage transformer,
a 200 Q termination was created to represent the anten-
na. Thereturnloss 900 of the prototype three-stage trans-
former was substantially as predicted.

[0049] Referringto Figure 10, the predicted return loss
1000 of the spiral antenna was found to be lowest in the
upper half of the band, that is 250-500 MHz. Efficiency
was lower in the lower part of the band, 50-250 MHz,
partly as a result of a poorer match to 50 Q and partly
because of the small physical size of the antenna in re-
lation to the signal carrier wavelength, in use.

[0050] Referring to Figure 11, a transmission line 200,
205, 130 connected to an arm 105 in an antenna assem-
bly according to an embodiment of the invention will gen-
erally need to be connected to a radio in use. This can
be done for example by using a length of coaxial cable
1100 connected to the TNC ("threaded Neill-Concel-
man") plug of the radio. The free end is held to the wear-
able fabric 140 (not shown) by using a clip or plastic tie
1105 such as Tywrap® and the outer braid divided into
two parts 1110 and attached to the ground plane 200,
205 of the transmission line using a conductive epoxy
resin such as silver-filled Araldite®. The inner conductor
1115 is similarly attached to the line conductor 130 of the
transmission line.

Claims

1. Anantennaassemblyfor use as awearable antenna,
the antenna comprising at least two spiral arms, one
ofthe arms being constructed to provide a feed struc-
ture to a feed connection to at least one other arm
in the central region of the spiral antenna, the feed
structure comprising a coplanar waveguide.

2. Anantenna assembly according to Claim 1 wherein
the coplanar waveguide feed structure provides one
or more impedance transforming structures for
matching the impedance of a signal feed line to that
of the spiral antenna.

3. An antenna assembly according to either one of the
preceding claims wherein the coplanar waveguide
of the feed structure is a slot waveguide having at
least two slots and a line conductor.

4. Anantenna assembly according to Claim 3, wherein
one or more impedance transforming structures for
matching the impedance of a feed line to that of the
spiral antenna are each provided as a step change
in the ratio of slot width to line conductor width.

5. An antenna assembly according to any one of the
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preceding claims wherein the arm constructed to
provide a feed structure consists of said coplanar
waveguide.

An antenna assembly according to any one of the
preceding claims wherein the coplanar waveguide
feed structure provides a quarter wave impedance
transformer adjacent to the feed connection.

An antenna assembly according to Claim 6, wherein
the quarter wave impedance transformer is provided
by a step change in the ratio of slot width to line
conductor width at a point which lies an odd multiple
of a quarter wavelength of the carrier signal of the
antenna, in use, along the coplanar waveguide from
the feed connection.

An antenna assembly according to either one of
Claims 6 or 7 wherein the quarter wave impedance
transformer provides a match to the impedance at
the feed connection from an impedance of the co-
planar waveguide in the range 75 Q to 125 Q.

An antenna assembly according to any one of the
preceding claims wherein the coplanar waveguide
feed structure has an extension with respect to the
outer edge of the spiral antenna, which extension
provides an impedance matching section for match-
ing the impedance of the coplanar waveguide of the
feed structure to that of a signal feed line.

An antenna assembly according to Claim 9 wherein
said extension is tangential to the outer edge of the
spiral antenna.

An antenna assembly according to either one of
Claims 9 or 10 wherein the coplanar waveguide has
an impedance in the range 75 Q to 125 Q which is
matched by the quarter wave impedance transform-
er to the impedance at the feed connection and by
the extension to a 50 Q signal feed line.

An antenna assembly according to any one of the
preceding claims, for use at radio frequencies.

An antenna assembly according to any one of the
preceding claims, constructed from a conductive,
flexible material for attachment to a wearable fabric.

A garment comprising an antenna assembly accord-
ing to any one of the preceding claims.
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