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57 ABSTRACT 

An antenna system using a magnetic core provided 
with coils wound thereon such as to cause time varia 
tions of the permeability of the core itself is disclosed. 
With the time variations of the core permeability the 
inductances of the antenna coil and output coil wound 
on the core is changed for parametric amplification of 
the reception signal to obtain amplified antenna out 
put. Also, by using a plurality of such antenna systems 
an array antenna having desired and controllable direc 
tional characteristics are obtained. 

5 Claims, 14 Drawing Figures 
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1. 

MAGNETIC ANTENNA WITH TIME VARATIONS 
OF CORE PERMEABILITY 

This invention relates to antenna systems using a 
magnetic core. 
An object of the invention is to provide an antenna 

system having a magnetic core provided with coils 
wound thereon such as to cause time variations of the 
core permeability so as to cause variations of the induc 
tances of the antenna coil and output coil wound on the 
core for parametric amplification of the reception sig 
nal, to thereby obtain amplified antenna output. 
Another object of the invention is to provide an an 

tenna system having a permanent magnet by which the 
d-c biasing of the core is readily achieved. 
A further object of the invention is to provide an 

array antenna, which consists of a plurality of the afore 
mentioned antenna systems used as antenna elements, 
and whose directional characteristics can be desirably 
controlled through the adjustment of the amplitude and 
phase of parametric pumping sources for the individual 
antenna elements. 
The specification will now proceed with reference to 

the accompanying drawing, in which: 
FIG. 1 is a pictorial representation of a prior-art an 

tenna system having a magnetic core; 
FIG. 2 is a graph showing inductances and mutual in 

ductance versus d-c bias current in the same prior-art 
antenna system; 
FIG. 3 shows an equivalent circuit for an embodi 

ment of the antenna system according to the invention; 
FIG. 4 is a perspective representation of the con 

struction of the same antenna system according to the 
invention; 
FIG. 5 is a view showing a magnetic field set up in the 

magnetic core of the antenna system of FIG. 4 by cur 
rent flowing in a pumping coil; 
FIG. 6 is a perspective representation of an experi 

mental arrangement, showing a connection of a signal 
source and a load to the antenna system of FIG. 4; 
FIG. 7 is a graph showing power trarisfer gain plotted 

against internal resistance R, with the load resistance 
R used as a parameter, in the arrangement of FIG. 7; 
FIGS. 8 to 11 are perspective views showing some 

other embodiments of the antenna system according to 
the invention; 
FIG. 12 is a perspective view showing the embodi 

ment of FIG, 8 provided with coils; 
FIG. 13 is a perspective view showing the embodi 

ment of FIG, 10 provided with coils; and 
FIG. 14 is a pictorial representation of an array an 

tenna embodying the invention. 
Referring now to FIG. 1, which typically shows a pri 

or-art antenna system having a magnetic core, refer 
ence numeral 1 desginates a magnetic core consisting 
of two separate sections provided with an antenna coil 
2 wound thereon. The two core sections 1 are coupled 
together through a third core section 3, on which an 
output coil 4 is wound. A further core 5 is provided in 
association with the core sections 1 and 3. A pumping 
coil 6 is wound on the core 5. 
The magnetic flux produced in the core 5 by the cur 

rent flowing in the pumping coil 6 penetrates part of 
the core sections 1 and 3 extending between the two 
parts of the antenna coil 2. - 
FIG. 2 shows the inductances La and Li of the an 

tenna coil 2 and output coil 4 and mutual inductance 
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2 
M between these two coils, which are plotted against 
corresponding values of d-c bias current flowing in the 
pumping coil 6. As is seen from the Figure, with varia 
tions in the d-c bias current the inductance La of the 
antenna coil 2 hardly changes, while the inductance Li 
of the output coil 4 and mutual inductance M apprecia 
bly change. By setting the d-c bias current to an appro 
priate value so as to obtain an optimum coupling be 
tween the antenna coil 2 and the output coil 4, the mu 
tual inductance can be varied with frequency of the 
pumping current, which is supplied to coil 6. 

In the prior-art antenna system of FIG. 1, the mutual 
inductance between the antenna coil 2 and output coil 
4 is caused to vary at the pumping frequency, resulting 
in parametric amplification of a signal received by the 
antenna to obtain an amplified antenna output. 
The variation of the mutual inducatance at this time 

is attributable to changes in the permeability of the 
magnetic core 3. Accordingly, in order to obtain large 
changes of the mutual inductance with small pumping 
current it is necessary to select a reluctance of the core 
3 sufficiently high compared to the reluctance of the 
core 1 to obtain saturation of the core in the operation, 
However, with the above construction, where the core 
1 is divided into two separate sections, the antenna effi 
ciency is very low. Also, with such an arrangement of 
cores 1 and 5 as shown in FIG. 1, considerably large 
pumping power and d-c bias power are required to acti 
vate these cores 1 and 5. Further, leakage flux is con siderably great. 
According to the invention, the above drawbacks in 

herent in the conventional antenna system are over 
come by providing improvements in the core construc 
tion and method of winding of the coils, so that the gain 
is extremely increased. 
The efficiency of the conventional antenna system is 

low because it chiefly utilizes mutual inductance be 
tween the antenna coil and output coil which varies de 
pending upon the pumping causing saturation of the 
magnetic core and also because it uses a magnetic core 
divided into two sections. In accordance with the in 
vention, the magnetic core and the coils are so con 
structed and arranged that time variations of the per 
meability of the core itself may be caused, and on the 
basis of this variation the mutual inductance between 
the antenna coil and output coil is made variable to ob 
tain a large amplification degree. Also, the winding of 
the pumping coil are arranged perpendicular to the 
winding of the other coils so that the coupling between 
the antenna coil circuit and the output coil circuit is 
made by the time-variable mutual inductance alone, 
thus eliminating the otherwise possible deterioration of 
the efficiency, 
The operational principles underlying the invention 

will first be discussed in connection with FIG. 3, which 
shows an equivalent circuit for the antenna system ac 
cording to the invention. In the Figure, L(t) represents 
an equivalent inductance accounting for variations in 
the inductances of the antenna coil and output coil due 
to time variations of the permeability of the magnetic 
core. The circuit on the left hand side of the induca 
tance L(t) (hereinafter referred to as signal circuit) 
consists of an antenna coil tuning reactance X. Here, 
V, and Ra respectively represent the terminal voltage 
induced across the antenna coil and the resistance 
across the antenna coil terminals at the time of reso 
nance, The circuit on the right hand side of the induc 
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tance L(t) (hereinafter referred to as output circuit) 
consists of an output coil tuning reactance X and a 
load R. In this equivalent circuit, R represents loss re 
sistance in the coils and core. The O of the afore 
mentioned left hand side circuit (i.e., signal circuit) is 
sufficiently high. Besides, this circuit is not directly 
coupled by any circuit element but it is coupled by the 
above inductance L(t), 
The inductance L(t) changing at a pumping angular 

frequency of co, is generally given as 

L(t) = Lo - 2L cos out 
(1) 

When signal current i(t) at an angular frequency co, 
and pumping current i(t) at a pumping angular fre 
quency a flow into the inducatance L(t), the voltage 
V(t) appearing at the terminal of the L(t) can be writ 
ten as 

By setting 

is Ie "s' -- I'e -j's 
(3) 

and 

from equations 2 and 3 we can obtain the following re 
lations among voltages and currents: 

V. jo's Lo ices L1 io L1 I. 
: -do L. iolo O I 
V ical O io 3 Lo Is (4) 

where * represents conjugate complex, c = c co, 
and as F co, L. 
When the tuning reactances X = -1/(oC) and X. 

=-1/(oC) of the respective signal and output circuits 
in FIG. 3 are adjusted such that these circuits are tuned 
to respective angular frequencies a, and co, the rela 
tions among the voltages and currents in these circuits 
are from equation 4 

I. il 
(5) 

R. -- (L-a)iel, l 
-ioglu R- (al-) Y 

Then, using equation 5 the power transfer gain G at 
resonance (a, -1/( VLoci) and o- 1/( VLC)) can 
be obtained as 

Ga= 4 (olo.) (R.R.) (R/Rn), (a/(1 - a)') 
(6) 

where a F (o'o'L)/(Rra'Riri), and Rra and Rn are 
total series resistances of the respective signal and out 
put circuits. The negative sign of the denominator in 

O 

15 

4 
equation 6 means that negative input resistance can be 
realized by the inductance changing with time and also 
that oscillation is possible. From equation 6 the condi 
tion for the oscillation is given as 

or = (o'o, L)/(Rra Rr) at 1 
(7) 

When the output circuit is tuned to als, the power 
transfer gain Gla may be similarly obtained as 

Gis = 4 (cus?o.) (R/R) (R/R) of (1 + o)) 
(8) 

In this case, the maximum gain is oafo). 
FIG. 4 shows an example of the construction of the 

antenna system, whose operation is based on the above 
principles. Referring to the figure, numeral 7 desig 
nates a magnetic core formed with two spaced open 
ings or apertures 8 and 8'. Numeral 9 designates an an 
tenna coil, which is partly wound round the whole body 
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of the core 7, and some of whose turns 10 pass through 
the aperture 8 and 8'. Numeral 11 designates an output 
coil, which is wound such that all its turns pass through 
the apertures 8 and 8'. Numeral 12 designates a pump 
ing coil, which is wound on part of the core between 
the apertures 8 and 8' such that its winding are perpen 
dicular to the winding of the antenna and output coils 
9 and 11. 
FIG. S shows the magnetic field produced in the core 

7 of the above construction by the current in the pump 
ing coil 12. Since parts of the core 7 around the aper 
tures 8 and 8' are magnetized, the permeability of these 
parts is changed. Thus, the inductances of the antenna 
coil 9 and output coil 11 wound on the core parts 
around the apertures 8 and 8' change at the pumping 
frequency. The core 7 should be formed with at least 
two apertures as the above ones 8 and 8. 
Whether or not the antenna system of FIG. 4 actually 

operates in conformity to the afore-described princi 
ples has been investigated on an experimental circuit as 
shown in FIG. 6. In this circuit, the magnetic core and 
the state of winding of the individual coils are the same 
as for the construction of FIG. 4, so they are not de 
scribed any further, Connected between the terminals 
of the antenna coil 9 is a signal source 13 at a frequency 
of 1 MHz with an internal resistance R. Connected 
across the output coil 11 is a load resistor R in series 
with a tuning capacitor C. 
The above experimental circuit was put under para 

metric pumping at a pumping frequency of 4 MHz for 
measuring the power transfer gain for output frequency 
cus - 3 MHz. The power transfer gain G in this case is 
from equation 6 

FIG. 7 shows results of measurements of the power 
conversion gain Gs which is plotted against the internal 
resistance R with the load resistance R, used as a pa 
rameter. As is shown, the smaller the internal resis 
tance R, the greater is the gain, which is apparently due 
to the negative resistance. The oscillation takes place 
at a certain internal resistance value. Table 1 below 
lists values of the internal resistance Rat which the os 



3,750, 180 
S 

cillation sets in for certain values of the load resistance 
R. 

TABLE 1 

Internal resistance R in 
Load resistance ohms for the oscillation 
Rt in ohms to set in 
O 9 
0 5.5 

20 2.5 

From Table 1 above and equation 7 for the oscilla 
tion condition, the values of cool and the equivalent 
resistance R, for the loss are determined as 

a),0:L' e 1,3 O 
and 

R = 15 (ohms). 
Dashed curves in FIG. 7 show results of calculation 

of the power transfer gain G from the above values 
and using equation 9. It will be seen that the measured 
values shown by the solid curves well agree with the 
calculated values, and this can well account for the fact 
that the above embodiment of the antenna system ac 
cording to the invention operates in conformity to the 
principles discussed earlier. 
Thus, in the antenna system according to the inven 

tion the antenna coil and the output coil provide the 
function of the inductance varying with time, and 
through this function parametric amplification of the 
received signal may be obtained to obtain amplified an 
tenna output. 
Also, since a completely closed magnetic loop is 

formed, the leakage flux is very small and the driving 
power and d-c bias power is reduced. 
Now some other embodiments which use permanent 

magnets for the d-c bias will be described. 
in the embodiments shown in FIGS. 8 and 9, perma 

nent magnets are provided in close contact with the 
magnetic core, which is the same as that 7 shown in 
FIG. 4. In the embodiments of FIGS. 10 and 11, perma 
nent magnets are provided at a spacing from the mag 
netic core 7. 

In the FG. 8 embodiment, two permanent magnets 

O 

15 

6 
resistivity winding the coils on the magnets undesirably 
results in large core loss. 
The FIG. 10 embodiment uses channel-shaped mag 

nets 53, which are fixed to opposite sides of the core 7 
with their legs 52 made of a non-magnetic material in 
close contact with the core. With this construction, it 
is possible to adjust the bias field set up by the perma 
nent magnets 53 in the core 7 by varying the thickness 
of the non-magnetic material. In this embodiment, the 
pumping coil 12 is wound directly on the core portion 
between the apertures 8 and 8' on the inner side of 
each of the permanent magnets 53. In this case, either 
metal magnet or ferrite magnet may be used for the 
permanent magnets 53. 
The FIG. 11 embodiment also uses channel-shaped 

permanent magnets 54 each applied with a nonmag 
netic material 55 on the inner recess side. These mag 
nets 54 are fitted on the respective upper and lower 
edges of the core 7. In this case, it is of course possible 

0 to adjust the bias field produced by the permanent 
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50 are fixed in close contact to the opposite sides of 45 
part of the core between the apertures 8 and 8'. 
FIG. 2 shows the core 7 of FIG. 8, which is provided 

with individual coils. 
In the FIG. 9 embodiment, permanent magnets are 

fixed in close contact to opposite sides of portions of SO 
the core on both upper and lower sides of each of the 
apertures 8 and 8". The coils are wound similarily to the 
embodiment of FIG, 12. More particularly, the antenna 
coil 9 is wound partly on the whole body of the core, 
and some of its winding is passed through the apertures 
so that it is wound on permanent magnets 51. The 
pumping coil 12 is wound on part of the core between 
the apertures 8 and 8'. The output coil 11 is wound 
such that all its winding pass through the apertures and 
are wound on the permanent magnets fixed to core por 
tions on one side of each of the apertures 8 and 8'. 

In the construction of the FEG, 8 or FIG, 9 embodi 
ment, where the permanent magnets 50 or 51 are fixed 
in close contact to the core 7, the coils are partly 
wound on the permanent magnets. This is acceptable 
if the permanent magnets 50 or 51 have sufficiently 
high resistivity, for instance about 10 ohm-cm, as of 
ferrite magnets. However, with metal magnets of low 

55 

60 

magnets 54 in the core 7 by varying the thickness of the 
non-magnetic material layer 55. In this embodiment, 
the coils are wound similarly to the preceding embodi 
rents. 

In the above embodiments of FIGS. 8 to 13, in which 
the bias field is produced by the permanent magnets in 
the core, no d-c bias source is required, so that the as 
sociated circuit construction can be simplified. Also, 
there is no possibility of resulting in deviations from 
resonance due to bias source fluctuations, so that 
steady operation can be ensured. Further, the adjust 
ment of the bias field produced by the permanent mag 
nets in the core may be easily done. 
The antenna system described earlier in connection 

with FIG. 4 may be used as antenna element to con 
struct array antennas. Such array antennas can provide 
useful advantages over the prior-art array antennas. 

In the prior-art array antenna, to realize the desired 
directional characteristics either phase shifter and at 
tenuator inserted between the associated array element 
and transmitter or between array element and receiver 
are appropriately adjusted or a suitable lumped cons 
tant circuit or distributed constant circuit is provided. 
Such phase shifters and attenuators or lumped cons 

tant circuits or distributed constant circuits are ad 
justed either electrically or mechanically to provide the 
desired directional characteristics of the array antenna. 
These phase shifters and attenuators or lumped cons 

tant circuits or distributed constant circuits are re 
quired to give rise to small energy loss due to their in 
sertion. However, with the usually employed ferrite 
phase shifters and diode phase shifters energy loss of 1 
to 2 dB results. Also, with only a single phase shifter the 
variable phase range is limited, and where broader 
phase ranges should be covered it is necessary to use 
several phase shifter units in combination with inevita 
bly accompanying increase of the energy loss. There 
fore, the number of phase shifters inserted in combina 
tion is limited due to the increase in energy loss. 
Also, in case of inserting lumped constant circuits or 

distributed constant circuits, the amplitude and phase 
of the current in the antenna elements cannot be varied 
independently, so that the adjustment of the directional 
characteristics encounters extreme complications to 
the disadvantage, 
FIG, 14 shows an array antenna according to the in 

vention. This array antenna consists of two array ele 
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ments 101 and 102, each of which is the same as the an 
tenna system shown in FIG. 4. 

In each of the elements, the permeability of the mag 
netic core 7 is varied by the pumping current i = 1. 
cos(opt -- 6) at pumping frequency (), flowing in the 
pumping coil 12. This variation causes changes of the 
inductances of the antenna coil 9 and output coil 11 at 
the pumping frequency. In other words, the antenna 
coil 9 and output coil act as variable inductance ele 
ment. This variable inductance L(t) is given as 

L(t) = Lo - 2 Licos(cut - 6) 
Through this variable inductance L(t) power transfer 
between signal received by the element and pumping 
signal is effected, that is, the received signal is sub 
jected to parametric amplification. Thus, a high an 
tenna output can be obtained from the output coil 11. 
Now, assuming that a received signal current I.e. 's', 

flows in the afore-mentioned variable inductance ele 
ment with inductance L(t) the voltage e induced across 
the variable inductance element is 

=joLoe's"--i(--) Let's 
-i (co- c.) Le-top".)t+9).I. (10) 

Also, the output voltages eu and edown when the out 
put circuit is tuned respectively to (a), Co.) and (op 
cu,) are - 

Tesico--o). Let (Ptol.I. (11) 
and 

edown Fi(op- o). Let (op lots).I. (12) 
The coefficient Li in the above variable inductance 

depends upon the material and structure of the mag 
netic core and coil construction, and is proportional to 
the amplitude of the pumping current. Thus, the ampli 
tude and phase of the antenna output can be controlled 
by varying the amplitude and phase of the pumping 
current. 

When the output circuit is tuned to (a) - c.), the an 
tenna outputs e (1) and e (2) of the respective array 
antenna elements 101 and 102 are 

Kd "“” (op--w)t-6(1)-cos de 
.."-(+)-l. p p' - l, (13) 

and d 
K (--)t--8()-- eu =d(a)--w). Lie co-ho)t++ o: (14) 

where k = 2ard/M, M being wavelength. With both these 
output voltage combined together, the resultant volt 
age e is 

Kd Kd (t-t'os) (stillos) 
(15) 

Also, the directional characteristics D(qb) of the array 
antenna is given as 
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T i? () Kds Y (2) Kd. D(i)) -la. cos ) to + cos ) ) 

(16 
The L and L for the respective antenna ele 

ments 101 and 102 are respectively proportional to the 
amplitude of the parametric pumping current in these 
elements 101 and 102. The 8' and 8' are identical 
with the phases of the parametric pumping sources of 
the antenna elements 101 and 102 respectively. Thus, 
by suitably adjusting the amplitude and phase of the 
parametric pumping sources of the individual antenna 
elements 101 and 102 the desired directional charac 
teristics are obtained. Also, the directional characteris 
tics are controllable by varying the amplitude and 
phase of the parametric pumping source. 
Since the above antenna elements provide high gain 

and since they are directly coupled to the transmitter 
or receiver, it is possible to obtain an antenna array of 
extremely high efficiency. Such high efficiency antenna 
array may of course be similarly constructed by using 
antenna elements shown in FIGS. 12 and 13. 
As has been described, according to the invention it 

is possible to obtain a high efficiency array antenna ca 
pable of providing amplified antenna output. Also, ac 
cording to the invention the d-c biasing can be readily 
achieved. 
What we claim is: 
1. An antenna system comprising an electromagnetic 

wave reception magnetic core formed with a plurality 
of apertures, a first coil serving as pumping coil for 
changing the permeability of said magnetic core, said 
first coil being wound on part of said core between ad 
jacent ones of said apertures, and two second coils 
linked by magnetic flux produced by said pumping coil, 
said second coils being wound such that their windings 
are perpendicular to the winding of said first coil, one 
of said second coils being wound on said core such that 
its all winding passes through said apertures, the other 
of said second coils having some of its winding wound 
around the whole body of said core and the other of its 
winding passed through said apertures. 

2. An antenna system according to claim 1, which 
further comprises at least one permanent magnet af 
fixed to said magnetic core for producing a bias field in 
said core. 

3. An array antenna consisting of a plurality of an 
tenna elements, each of which is the antenna system as 
claimed in claim 1, in which means is connected with 
said first coil for independently controlling the ampli 
tude and phase of a pumping current flowing through 
said first coil thereby obtaining desired and controlla 
ble directional characteristics of the array antenna. 

4. An antenna system according to claim 2, which 
further comprises non-magnetic spacers individually 
provided between said respective permanent magnets 
and said core, said spacers serving to render variable 
the intensity of the bias field set up by said magnets in 
said magnetic core. 

5. An array antenna consisting of a plurality of an 
tenna elements, each of which is the antenna system as 
claimed in claim 2, in which means is connected with 
said first coil for independently controlling the ampli 
tude and phase of a pumping current flowing through 
said first coil thereby obtaining desired and controlla 
ble directional characteristics of the array antenna. 
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