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ABBTRACT

This report deals with the advantages and disadvantages of
indugtion loop systems consisting of multiple-loops carrying
uncorrelated currents as ocompared to single-loop systems.
Multiple—~loop systems are shown to give better performance
regarding signal attenuation outside loop area thus reducing
cross-talk between adjacent vcooms. They also give more
uniform magnetic field strength in a room at a given liste-
ning height, but give greater variation in field strength
with ehanges in listening height.

This work was supported by the National Swedish Board for
Technical Development.
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INTRODUCTION

Hearing aid users often have great problems to use their
hearing aids for listening in publio places iike auditoria,
theatres and leocture rooms. The reasons are., among other
things, the high level of background noise and the deterio-
rated ability of leocalization due to the hearing aid. As a
hearing impaired person normally requires higher signal to
noise ratio than a normal hearing person does, listening in
those plapes is very tiring for the hearing aid user. One
way to inecrease the signal to noise ratio is to use the
telephone pick-up coil of the hearing aid instead of the
microphone and transmit the preogram signal via an induction
loop rather than acoustically. Such systems are extensively
used in Sweden, hoth in publioc places as those mentioned
above and in homes.

In recent yvears communication systems using infrared light
have become rather common. Very few hearing aids, however,
have possibility to receive infrared signals. On the con-
trary, most aids are eguipped with a telephone pick-up coil
and therefore communication systems utilizing induction
loops will be more common than infrared communication sys-
tems in the foreseeable future.

1f the induction loop system is correctly designed and the
signal level properiy adjusted, the system will work very
well provided there are no disturbing magnetic sources in
the neighbourhood. Examples of such disturbing sources are
the AC mains and oross—talk from induction loops in adjacent
rooms. Another problem might arise when the hearing aid
user does not sik as upright as the orientation of the piock-
up coil presupposes and the magnetic field nomponent along
the axis of the coil becomes too weak.

Both these problems can be solved by introducing, in each
room, two different systems of loops with their currents 90
degrees out of phase. By arranging the induction loops in
well caloulated patterns the resulting maxima of one loop
system can be made to compensate the minima of the other
loop system making the total magnetioc field more unifaorm
across the listening area. This is true not only for the
vertical magnetic field but also for the horisontal field.
The orientation of the pick-up ooil is therefore not as ori-
tinal as with a one~loop system. This is a great advantage,
pspecially in school situations. At the same time the field
outside the listening area deoreases rapidly. The theory
will be described in the next seotion.
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MULTILOOP BYSTEMS

When a conventional induction loop system is set up the in-
stallation is rather simple. Just one loop of wire is fixed
to the wall or to the flcocor to surround the listening area.
Figure 1 shows an example, where one bturn of wire is placed
around a room with the area 10 by 20 wmetres. Espeogially
when the listening height is small compared to the loop di-
mensions, the level of the magnetio field in the centre of
the loop is low compared to the level plose to the wire.
{Throughout this paper the listening height refers to the
distance between the pick-up ceoil and the plane of the
loopd.
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Figure 1. Vertical magnetic field strength along the long
median line of a room surrounded by a loop with
a current of 1 Ampere. Room dimensions 10 by 20
metres. Listening height 1.20 metres.
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An often used way Lo inorease the level
room is to arrange the wire in many small loops of the same

shape and size,

suph a pase is shown in figure 2.
seven loops each covering an area of 10 by 2 metres and with
a spacing between the loops of 1 metre.
there are several peaks of equal height.

in the middle of the

The resulting magnetic field strength in

Iin this case there are

It can be seen that
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Vertical magnetic field strength along the long
median line of a room with one set of sub-loops
with currents of 1 Ampere.
l.istening height 1.20 netres.

20 metres.

Room dimensions 10 by

The vertiocal magnetic field in figure 2 has zeros above the

wires because the field is entirely horisontal there.

It is

however possible to arrange another set of loops of equal

shape and size,

but displaced half a loop width,

in such a

way that the peaks of the field of the second set of loops
oover the zeros of the first one.

1f the loops carry the
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same current, this will of course lead to & new set of ze-
ros, but if the currents are made uncorrelated, the field
will be uniform with no zeros within the loop avea (Bosman
et al., 1965%; Umbach, 19753, as oan be seen in figure 3.
The field outside the loop area is deoreasing more rapidly
in this pase as compared to the case of a single loop.

YERTICAL FIELD
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Figure 3. Vertical magnetic field strength along the long
median line of a room with two sets of sub-loops
with uncorrelated ocurrents of 1 Ampere. Room di-
mensions 10 by 20 metres. Listewning height 1.20
matres.

So far all curves were calculated along the long median line
of the room. In figure 4 the maagnetic fields from the one-
lonop system and the multi~loop system are shown, caloulated
along a parallel line 10 metres outside the roowm.
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Figure 4. Comparison between the vertical magnetic field
strengths of a one—-loop system and a multi-loop
system along a line 10 metres outside a room
parallel to the long median line. Room dimensions
10 by 20 metres. Leoop currents 4 Ampere. Listening
height 1.20 metres.

The difference in attenuation is even more pronounced than
along the median line. The difference is in faot 8 dB more
than ocan be seen from figure 4 as the multi-loop system
gives 8 dB higher level than the one-loop system inside the
listening area. The cross-talk is thus reduced at least 20
dB at distances 10 metres outside the roamn.

As mentioned above, it is possible to arrange the two sets
of loops in such a way, that when one set of loops gives a
high vertical magnetic field component, the other gives a
hioh horisontal field component and vice versa. It is thus
possible to obtain not only a uniform vertical field, butb
alsp a uniform horisontal field, as is shown in figure 5.
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Figure 5. Horisontal magnetioc field strength along the
long median line of a room with two sets of
sub-loops with uncorrelated currents of 1
Ampere. Room dimensions 10 by 20 metres.
Listening height 1.20 metres.

The loop system can therefore be designed to give vertiocal
and horisontal fields of equal strength over most of the
listening area. As the two components are uncorrelated,
i.e. 90 degrees out of phase, the resulting magnetioc field
veotor is rotating in a vertical plane. As is shown in
Appendix A a pick-up coil in this plane will pick up the
same signal independent of how it is oriented in the plane.

One thing to bear in mind when designing multi-ipop systewms
is the inoreased variation of the field strengbth with vary-
ing listening height, when the size of the loop is decrea-
sed. The maximum allowed change in magnetic field strength
between the lowest and the highest listening heights will
therefore determine the smallest permissible loop size.
Table 1 gives the difference in field strengths between 0.75
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metres and 1.5% metres listening heights for different dimen-
sions of a single sub-lpop. JInduetance values are also
shown in the tahle.

Side 2 (metres) Side 2 (metreg?

f 2 &6 9 12 ] 2 &6 912

e 8 & &6 & 2 12 286 36 46

Side 1 3 7 A& & 4 Side 1 3 16 30 41 54
(metres) 4 & 3 3 3 (metres) 4 19 34 4% 54
5 & 2 2 2 5 23 38 49 b1

Level differences (dB} Induotances (uH)

Table 1. Differences bestween the vertical magnetic field
strengths at listening heights of 0.75 and 1.5
metres in the middle of rectangular loops of
different sizes.

Inductances in pH of rectangqular one-turn loops
of different sizes with wire area 1 mm2.

EXAMPLES

Two multi-loop induction systems were installed, and simulia-
tion results were tested against measured values. One of
the installations was made in an assembly hall. Loop confi-
guration, caloulated magnetic fields and measured field
values are plotted in appendix B. Appendix € shows the
norresponding plots for the other installation, wmade in a
small lecture room. In the appendices caloculated fields for
single—~loop installations are also shown. As expected, the
fields outside the listening area are more attenuated in the
multi~loop case than in the one-loop case. The magnetic
field strenath on the next fleor (listening height 3.80 met-
res) has decreased 19 dB relative to the level at 1.20 met-
res as ocompared to 4 dB in the one-loop case. In the leoctu-
re room measured and calculated values oorrespond very well
for the vertical field but the measured horisontal field is
3 dB lower than caloulated. In the assembly room the dis-
orepancy is even greater. The measured vertical field is 5
dB and the horisontal field 4 dB lower than the caloulated
fields. The reason for this is the reinforcement bars in
the conorete of the buildings. This is confirmed by the
fact that the difference between calculated and measured
fields in the assembly voom have inogreased to 10 dB for a
listening height of 3.80 metres, i.e. when the field has
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passed the ceiling to the next floor.

In the examples above it has been shown that multi-loop sys-
tems with uncorrelated currents can be used to reduce coross-
taik between inductiorn loop installations.

There are other applications where induoction loops with
uncorrelated currents oan he of great value. For example in
a large room surrounded by a single loop there might be some
areas where the magnetic field strength is low. It is then
possible to arrange small loops around these areas and feed
the main leop and these small loops with uncorerelated our-
rents in order to inorease the field locally without distur-
bing the magnetic field in other points of the room.

DISCUSSION

A phase-splitting network that gives two outpubt signals with
a phase difference of 90 degrees over the Irequenoy range of
interest, are normally used to obtain uncorrelated ocurrents
out of one original signal. Another way is to use the ori-
ginal signal and a time delayed version of it. This is ob-
viously not the same as a phase difference of 90 degrees.
However, the autpeoorrelation of speech signals is rather low
when the time lag approaches 10 wmilliseconds, and the cupr-
rents will be almest uncorrelated. However., for some orien-
tations of the pick-up coil! the signal will be comb-filte-
red, with zeros depending upon the choosen time delay. This
filtering will not be of any practical importance if the
zeros and peaks of the {ilter are close enough in frequency
to give the filtered signal approximately the same energy as
the original signal in most oritical bands. If on the other
hand the zeros of the comb filter are toeo close in frequency
this will correspond to a time delay that is too long, qQiv-
ing an impression of a direct signal and an eoho signal. A
suitable choice of the time delay should thus be between 10
and 20 ms, giving zeros every 100 to 50 Hz.

In appendix A it was shown that it is possible to get & mag-
netic field vector that rotates in a plane by having two
uncorrelated orthogonal field ocomponents in this plane.

As mentioned in the appendix, a pick-up coil in the plane
will pick up the same signal {except for phase lag) indepen-
dent of its orientation.

Sometimes it would be desirable to be independent of the
orientation of the pick-up coil not only in one plane but in
all three dimensions. When a phase difference of 20 degrees
between two signals is used to achieve uncorrelated oupr-
rents, obviously only two currents and thereby two magnetic
field components can be made uncovrrelated. But if tiwme de-



TA110

iays between signals, as desoribed above, are used instead,
there is no problem to obtain three or more uncorrelated
currents. It is btherefore feasible to make magnetioc fields
which are rotating in all three dimensions, and thereby make
the signal picked up by the coil tobally independent of its
orientation.

With multi-loop induction systems as desoribed above. it is
also possible to get an arbitrarily good attenuation of
oross—talk to listening positions outside the desired liste-
ning area. This is obtained by inoreasing the number of
sub-loops and making them narrower. Thereby the attenuation
in the vertical dirvection will also be considerably inorea-
sed, In the icop installation shown in appendix B, the at-~
tenuation to the next floor above has increased with 26 dB
as compared to the one~-loop case. However, this also means
that the field is varying more over achtual listening
heights. The design of a multi-leoop system therefore has to
he a compromise between desirable attenuation outside the
listening area and desirable homogeneity of the field within
this area.
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APPENDIX A:

Given a pick-up coil with its axris in the x-y-plane at an
angle 6 to the x-axis, then

Hi{0)=Hx cos® +Hy sind
where Hx and Hy are the magnetic field components in the
x~ and the y-directions respectively and H(6) is the
resulting field in the ocoil.
If further

Ef{Hx2}=E{Hv2}=0,2 and E{HxHy¥=c,Zpxy

where E{ } denotes the expeoted value and pxy is the
correlation between Hx and Hy, then

G22=E{H2{9)r=00s28 E{Hx2rtsinZzd E{Hyz)
+2 E{HxHv} cosd siné

This gives
5'2220'12 ‘:'1"‘[."5!:\/ s5inzd)
1{f pxy=0, then g:%=0,% independent of 6.

If for instange the x- and y- components of the magnetio
field are

Hx=Ho cos{uwt+p) and Hy=Ho sintot+y)

where Ho is a oconstant and ¢ is a random variable
uniformly distributed over the interval 0 to Z2r, then

pxy=0.
This gives

H(®)=Ho {costwttyloosdtsiniwttylsindi=
=Ho cos{wt+y—-9)

2.9. +the level is independent of 6. This means that the
magnetic field vector is rotating in the x~y-plane with an
angular frequency of v radians per second.
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APPENDIX B:

LOOP INSTALLATION IN AN ASSEMBLY HALL WITH DIMENSIONS 8.°90
BY 16.20 METRES. LISTENING AREA 8.70 BY 15.00 METRES.

Loop configurations

toop 1: 4 sub-~loops (calculated induotance 37 pH/
sub-loop, measured inductance 120 pH for the sub-loops
connected in series’.

IN HETRES

¥-COQRDINAT

L-LOORDINATE
IN NETRES



TA110

¥Y-COORDINHATE

IH HETRES

2657 Appendix B

Loop 2: 4 sub-loops {calculated inductance 37 uH/
sub~-loop?

.................

10 11 1o

Tg

¥-COORDINATE
IN HETRES

The next three pages show curves of the magnetiec field
strength for listening heights of 1.20 ,1.80 and 3.80
metres. 3.80 metres listening height eorresponds to
listening on the next {floor above. The crosses indicate
measured values for the multi-leoop system. Reference
curves, caloulated for a single loop surrounding the room,
are also shown. Caleculated inductance for the single loap
was 89 uH. All ourves were caloulated for cusrvents of 1
Ampere.
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VERTICAHL FIELD
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YERTICAL FIELD
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10 VERTICAL FIELD
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APPENDIX C:

LOOP INSTALLATION IN A SMALL LECTURE ROOM WITH DIMENSIONS
7.50 BY 3.60 METRES.

Loop configurations.

LLoop 1: 2 sub-iopeps (calculated inductance 24 pH/
gub-loop?).,

IN HETHES

Y-COORDINATE

X-COORDINATE
IN METRES
l.oop 2: 1 sub-iopop (calpoulated inductance 22 pH).
: b
1 RO 0 O :
e §
e ed H
= o P IO S o F S i ] J—
O3 oL T &)
= i 5
mz .(... ? ? ........................ I ------------------
f_{_'ll—ni
= ij i, 1

X-COORDINATE
IN HETHRES

The next page shows curves of the magnetic field strength
for a listening height of 1.20 metres. The crosses indicate
measured values for the multi-loop system. Reference
curves, calculated for a single loop surrounding the room,
are also shown in the figures below for comparison purposes.
Caloculated inductance for the single loop was 38 pH. All
surves were caloulated for currents of 1 Ampere.
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