
May 5,, 1970 MASARU WATANABE ETAL 3,510,371 
RADIO DETECTION APPARATUS 

Filed “July 10, 1968 2 Sheets-Sheet 1 

FIG. / 
(PR/0R ART) 

ANTENNA #I. 

. § 416 
7' 24. PHASE 7 7' 20 314 '7 

SHIFTER ~. 

<11, ‘* ’ 
SUBTRACTION _ 

§_Q_ cmcun' 
1‘“ MATRIX 5 

DATA 
sm?sén "'8 22 PROCESSING 

SUBTRACTION _ 

Q cmcun‘ 
+ .. 

TRANSMITTED T _ 
WAVEFORM 

R1--w~ > F7612 
RECEIVED . 

WAVEFORM R2 

R3~—dWY_ 



May15,‘ 1970 MASARU WATANABE ETA!- 3,510,371 
RADIO DETECTION APPARATUS 

Filed July 110; 1968 2 Sheets-Sheet a 

FIG‘. 3 

ANTENNA 1H 36 40 I6 
'0 f I f 

‘ T R TIME PHASE 
“L E DELAY —¢- SHIFTER 20 34 

[1 LINE? 4), 1+ I 
58 is I 
J PHASE / SUBTRACTION __ 

mien SHIFTER CIREUIT 
2 ‘P2 MATRIX a 

42 46 P DATA 
aocessms 

FILTER Jé'?EY ’ + 22 oa‘vncE 
f| LINE’? 7 j 

mazzw 
44 ‘ 

FILTER ’ f - 

f2 

“Illa , 1 
TRANSMITTED Tu 
WAVE FORM 

RECEIVED 4 
WAVEFORM 

l'fl > FIG‘. 4 

RECEIVED 
WAVE FORM 4 



1 

3,510,871 
RADIO DETECTION APPARATUS 

Masaru Watanabe, Tetsuo Tamama, and N orihide Eguchi, 
Amagasaki, Japan, assignors to Mitsubishi Denki Kabu 
shiki Kaisha, Chiyoda-ku, Tokyo, Japan 

Filed July 10, 1968, Ser. No. 743,890 
Claims priority, application Japan, July 12, 1967, 

42/ 44,838 
Int. Cl. G01s 91/02, 7/30 

U-S.‘ Cl. 343-16 7 Claims 

ABSTRACT OF THE DISCLOSURE 
At least two antenna elements of the same radiation 

characteristics disposed in a common vertical plane are 
spaced away from each other by a distance greater than 
one .half an operating wavelength and one of them 
periodically transmits radio frequency pulses, each of 
which consisting of a plurality of continuous radioefre 
quency pulses having different frequencies and a common 
duration. An echo received by all the antenna elements 
is divided into pulses having the different frequencies. 
These pulses are suitably time-delayed to cause them to 
coincide in time with one another and then shift in 
phase angle by predetermined different magnitudes. For 
each frequency a vectorial subtraction is effected with 
the pulses to form a multiple-lobed directional pattern. 
The patterns are combined in pairs together to cause a 
selected lobe in one of each pattern pair to coincide with 
a selected lobe in the other of that pair at a speci?ed 
angle of elevation with the coinciding lobes different in 
angle of elevation from one to another combination of 
patterns. The main‘lobes thus formed are arranged to 
cover partly or entirely a space to be searched. 

BACKGROUND OF THE INVENTION 

This invention relates to a radio detection apparatus 
including antenna elements disposed at intervals greater 
than one half an operating wavelength in a common 
vertical plane. 

The prior art type of radio detection apparatus has 
included either an antenna array including a plurality of 
antenna elements disposed at different intervals in a com 
mon vertical plane and operative with a predetermined 
common ferquency or an antenna array including a 
plurality of antenna elements disposed at predetermined 
intervals in a common vertical plane and operative with 
two or more different frequencies. The radio detection 
apparatus including the ?rst~mentioned antenna array 
has been disadvantageous in that because of the necessity 
of providing a plurality of antenna element interval 
values, the number of antenna elements and therefore 
the overall scale of the antenna array is large. The ap 
paratus including the last-mentioned antenna array has 
been advantageous for the purpose of decreasing the 
number of antenna elements but it has been disadvan 

. tageous in that two or more different frequencies should 
be simultaneously used resulting in an increase in scale of 
a transmitter device involved. 

SUMMARY OF THE INVENTION 

Accordingly it is an object of the invention to provide 
a new and improved radio detection apparatus including 
an antenna array minimized in scale while forming a di 
rectional pattern comparing favorably that provided by 
the prior art apparatus. 

It is another object of the invention to provide a new 
and improved radio detection apparatus adapted to peri 
odically transmit a radio-frequency signal consisting of 
continuous radio-frequency pulses, having different fre 
quencies and a common duration to permit the common 
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use of the greater part of a transmitter device involved 
leading to a decrease in scale of the latter. 
The invention accomplishes the above cited objects by 

the provision of a radio detection apparatus comprising, 
in combination, an antenna array including at least two 
antenna elements of the substantially same radiation char 
acteristics disposed in a common vertical plane to be 
spaced away from each other by a predetermined interval 
greater than one half an operating wavelength, one of the 
antenna elements serving to periodically transmit a radio 
frequency signal. while all the antenna elements are 
adapted to receive an echo and means for processing the 
echo to form a multiple-lobed directional pattern of the 
antenna array, characterized in that the radio-frequency 
signal consists of a plurality of continuous radio-fre 
quency pulses having different frequencies and a common 
duration and successively arranged with respect to time to 
form no spacing therebetween and that there are provided 
filter means for dividing the received echo into radio 
frequency pulses each of which having one frequency and 
common duration, means for processing the divided 
pulses of the same frequency to form a multiple-lobed 
directional pattern of the antenna array for each of the 
said different frequencies, and data processing means for 
combining the multiple~lobed directional patterns in pairs 
together. 

Preferably, a selected lobe in one of each pair of the 
combined directional patterns may coincide with a 
selected lobe in the other of that pair at an angle of ele 
vation such that the coinciding lobes are different in 
angle of elevation from one to another combination of 
the directional patterns to cover partly or entirely a space 
to be searched. 
The apparatus may advantageously include time delay 

circuit means for imparting different time delays to the 
respective divided pulses to permit the pulses to be pro 
cessed at a common time point, and operational circuit 
means for vectorially subtracting the divided pulses for 
each of the different frequencies to form the multiple 
lobed directional patterns. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will become more readily apparent 
from the following detailed description taken in con 
junction with the accompanying drawings in which: 

FIG. 1 is a schematic diagram of a radio detection ap 
paratus constructed in accordance with the teachings of 
the prior art; 

FIG. 2 is waveforms of transmitted and received sig 
nals used in the apparatus shown in FIG. 1; 

FIG. 3 is a schematic diagram of a radio detection ap 
paratus constructed in accordance with the teachings of 
the invention; and 

FIG. 4 is waveforms of transmitted and received sig 
nals suitable for use in the apparatus shown in FIG. 3. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring now to the drawings and FIG. 1 in partic_ 
ular it is seen that an arrangement disclosed herein com' 
prises three antenna elements Nos. 1, 2, and 3 disposed 
at predetermined different intervals all and d; and desig 
nated by the reference numerals 10, 12 and 14 respec 

' tively, a ?rst phase shifter 16 electrically connected to 
the antenna element 10, and a second phase shifter 18 
electrically connected to the antenna element 12. The 
?rst phase shifter 16 has its output electrically connected 
to one input to a ?rst vectorial subtraction circuit 20 
having the other input electrically connected to the an 
tenna element 12. Similarly the second phase shifter 18 
has its output electrically connected to one input to a 
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second vectorial subtraction circuit 22 having the other 
input electrically connected to the antenna element 14. 

For purpose of illustration, the combination of the an 
tenna element 10 and an electrical conductor extending 
therefrom to the ?rst phase shifter 16 may be hereinafter 
called an antenna unit No. 1 generally designated by the 
reference numeral 24. Similarly the combination of the 
antenna element 12 and an electrical conductor extend 
ing therefrom to both the phase shifter 18 and the sub 
traction circuit 20 may be called an antenna unit No. 2 
generally designated by the reference numeral 26 and 
the combination of the antenna element 14 and an elec 
trical conductor extending between the same and the 
subtraction circuit 22 may be called an antenna unit 
No. 3 generally designated by the reference numeral 28. 
The antenna unit 24 is coupled to the antenna unit 26 
through the phase shifter and subtractioncircuit '16 and 
20 respectively to form a ?rst antenna system generally 
designated by the reference numeral 30‘ and the antenna 
units 26 and 28 are coupled to each other through the 
phase shifter and subtraction circuit 18 and 22 respec 
tively to form a second antenna system generally desig 
nated by the reference numeral 32. 

Both the subtraction circuits 20‘ and 22 are electrically 
connected to a matrix and data processing circuitry 34, 
which is well known in the art. 

It is now assumed that the antenna elements 10, 12 
and 14 are substantially identical in radiation charac 
teristics to each other and that an echo from the par 
ticular target (not shown) is incident upon the antenna 
elements at an angle of 0 of elevation as shown at the 
arrows in FIG. 1. Under the assumed condition it will 
be readily understood that as distances between the an 
tenna elements 10 and 12 and between the elements 12 
and 14 in the direction parallel to the direction of in 
cident echo are d1 sin 0 and d2 sin 0 respectively and 
that a phase diiference of 

2 d 
the: 7; 1 sin 0 

occurs between signals induced respectively on the an 
tenna elements 10 and 12 while a phase difference of 

occurs between signals induced respectively on the ele 
ments 12 and 14 where A represents a wavelength for 
the echo or ‘the transmitted signal from the antenna ar 
ray. The induced signal from the antenna element 10 
passes through the ?rst phase shifter 16 to shift in phase 
angle by a magnitude of \P1. Similarly the induced sig 
nal from the antenna element 12 shifts in phase angle 
by a magnitude of \,//2 by means of the second phase 
shifter 18. 

Therefore it will be apparent that a phase diiference 
<I>1 between the outputs from the antenna units 24 and 
26 appearing at both inputs to the vectorial subtraction 
circuit 20‘ is expressed by the following equation. 

Similarly a phase difference <I>2 between the outputs from 
the antenna units 26 and 28 appearing at both inputs to 
the vectorial subtraction circuit 22 is expressed by the 
following equation. 

sin 0 

The subtraction circuits 20‘ and 22 are operated to vec 
torially subtract the outputs from the associated an 
tenna units applied thereto from each other. It is here 
assumed that the output not phase shifted is subtracted 
from the phase shifted output as shown the plus and 
minus signs denoted adjacent the inputs to the subtrac 
tion circuit. 
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4 
Since a vectorial diiference between two vectors is 

maximum in absolute value provided that they are in 
phase, the values of ‘P1 are 21ri where i=0, i1, i2 . . . 
and {>2=21rj where i=0, :1, :2, cause the respective 
outputs from the subtraction circuits 20 and 22 to be 
maximum in value. In other Words, when the phase dif 
ference <I>1 or <I>2 has any of the just speci?ed values a 
radar apparatus including the ?rst or second antenna sys 
tem 30 or 32 will have a maximum gain. Therefore for 
any given angle ¢1 an angle 011 of elevation providing 
a maximum gain for the ?rst antenna system 30 is ex 
pressed by the equation 

_A<Z-_¢_1 _d1 211' (1) 
where i=0, —_*-1, i2 . . .. Similarly for any given an 
gle 3112, an angle 021 of elevation providing a maximum 
gain for the second antenna system 32 is expressed by 
the equation 

=dl2 (jig) (2) 
where i=0, :1, i2 . . .. 

From the Equation 1 for 011 it is seen that the ?rst an 
tenna system 30 has its gain becoming maximum at a 
plurality of angles of elevation determined by the values 
of “i.” That is, the Equation 1 depicts a multiple-lobed 
directional pattern of a radar apparatus including the 
?rst antenna system 30 with the angular position of the 
lobe being a function of “i.” The same is true in the case 
of the second antenna system 32. 
As the angular position of the lobe is a function of the 

Wavelength divided by the spacing d1 or d2 between the 
adjacent antenna elements, the arrangement of the lobes 
is different from one to the other antenna system be 
cause both antenna systems are different from each other 
in the Wavelength divided by the distance between the 
elements and therefore an angular interval between the 
maximum points on any pair of adjacent lobes. If the 
phase angles <p1 and 502 shifted by the phase shifters 16 
and 18 respectively are preselected to cause the maximum 
point on the mth lobe for the ?rst antenna system 30 to 
coincide with that on the nth lobe for the second antenna 
system at an angle 00 of elevation (which may be eX 
pressed by 01m=02n=0°), then the ?rst and second an 
tenna systems 30 and 32 can be designed and arranged 
such that the directional pattern of one of both systems 
includes no lobe coinciding with any lobe included in the 
directional pattern of the other system at any angle of 
elevation other than the angle 00 Within an angle of ele 
vation range over which the detection is required to be 
effected. This results in the de?nite correspondence be 
tween one combination of the shifted phase angles gal 
and (p2 and a speci?ed angle 00 of elevation. 
The ouputs ‘from both subtraction circuits 20 and 22 

or the multiple-lobed directional patterns of the antenna 
systems 30 and 32 are supplied to the matrix and data 
processing circuitry 34 where they are combined to 
gether to form the coinciding lobe or the main lobe. The 
patterns are combined in pairs together to cause a select 
ed lobe in one of each pattern pair to coincide with a 
selected lobe in the other of that pair at a speci?ed angle 
of elevation with the coinciding lobes different in angle 
of elevation from one to another combination of pat 
terns. The main lobes thus formed are arranged to cover 
partly or entirely a space to be searched. 
Any one of the antenna elements 10, 12 and 14 may 

transmit a signal as shown at waveform T in FIG. 2, 
and all of them receive echoes as shown at waveforms 
R1, ‘R2 and R3 in the same ?gure respectively. 
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- From“ theforegoing it will be appreciated that the de 
tection apparatus as shown in FIG. 1 is required to in 
clude a plurality of antenna systems such as 30 and 32 
which increases the scale of the antenna array. 

- Referring now to FIG. 3 where in the same reference 
numerals designate the components corresponding to those 
shown in ‘FIG. 1, there is illustrated the essential parts 
of an apparatus constructed in accordance with the teach 
ings of the‘ invention. While FIG. 3 illustrates merely a 
pair of antenna elements 10 and 12 of the substantially 
same radiation characteristics disposed in a common verti 
cal planeto be spaced away from each other by a vertical 
distance‘of d only for purpose of illustration it is to be 

7 understood ‘that any desired number greater than two of 
spaced antenna elements may be used. 
An antenna element No. 1 designated by the reference 

numeral 10 is electrically connected to a ?lter 36 permit 
ting only a predetermined frequency f1 to pass there 
through‘and also to another ?lter 38 permitting only a 
predetermined frequency f2 to pass therethrough. The ?lter 
36 ‘is electrically connected through a time delay line 40 
to a phase shifter 16 and the ?lter 38 is electrically con— 
nected to anotheriiphase shifter 18. Both phase shifters 
may be similar to those as previously described in con 
junction with FIG. 1. Similarly a second antenna No. 
2 iidesignated by the reference numeral 12. is electrically 
connected to a pair of ?lters 42 and 44 permitting only 
the predetermined frequencies f, and f2 to pass there 
through respectively. The ?lter 42 is electrically connect 
ed to a time delay line 46 which is, in turn, electrically 
connected to a vectorial subtraction circuit 2.0‘ to which 
the phase shifter 16‘ is also electrically connected. The 
?lter 44 electrically connected to another vectorial 
subtraction circuit 221to which the phase shifter 18 is 
also electrically connected. Both the time delay lines 40 
and 46 are identical in construction to each other and 
operative to impart to signals passed therethrough a pre 
determined common time delay of 1-. The subtraction cir 
cuits 20 and 22: may be similar to those as previously 
described in conjunction with FIG. 1. In other respects, 
the arrangement is identical to that illustrated in FIG. 1. 
Upon transmissioniany suitable transmitter (not shown) 

periodically, supplies a radio-frequency energy to one of 
theantenna elements 10 or 12 in the conventional man 
ner. Then the energized antenna element periodically 
transmits a signal consisting of a radio-frequency pulse 
having a frequency of f1 and a predetermined duration 
of "r and followed 'by another radio-frequency pulse hav 
ing a frequency of f2 different from the vfrequency 7‘2 and 
the same duration as the ?rst-mentioned pulse without a 
spacing therebetween as shown as waveform T’ in FIG. 
4. ‘It is noted that the duration of each pulse is equal to 
the time. delay provided by each of the time delay lines 
40 or 46. 
The antenna elements 10 and 12 each receive sub 

stantially simultaneously an echo substantially identical 
to ‘the transmitted signal as shown at waveforms R’1 
and R'2 in FIG. 4. The waveform R’1 received by the 
antenna element 10 is applied to both the ?lters 3-6 and 
38 to be divided into two waveforms having the respec 
tive frequencies of f1 and f2 and a common duration of 
-r. Similarly the waveform R’2 is divided into two wave~ 
forms having the respective frequencies of f1 and f2 and 
a common duration of 'r by the ?lters 42 and 44. The 
waveforms having the frequency of f1 and correspond 
ing to the transmitted pulse having the same frequency 
are supplied to the time delay lines 40‘ and 46 to be given 
a time delay of 'r. Thus the delayed waveforms will co 
incide in time with the waveforms having the frequency 
of f2 and corresponding to the transmitted pulse having 
the same frequency. Then all the waveforms are proc 
essed‘ in the‘ same manner as previously described in 
conjunction with FIG. 1. FIG. 4 further shows wave 
forms‘ Rf1--1, Rf2—1, Rf1—-2, Rig-2 developed at the 
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6 
outputs of the phase shifter 16 the phase shifter 18, the 
time delay line 46 and the ?lter 44 respectively. 

Therefore it will be readily appreciated that the an 
tenna elements cooperate with each other and with the 
components 36, 38, 40, 42, 44, 46, 16, 1'8, 20 and 22 
to have a pair of multiple-lobed directional patterns each 
including the maximum lobe points at angles (in or 02; 
of elevation de?ned by the equation 

Sin a2,=§(t-% 
respectively, where M and k2 represent the wavelengths 
corresponding to the frequencies of f1 and f2 respectively. 
Assuming that c represents the velocity of electromagnetic 
wave propagating in the vacuum M=c/f1 and A2=c/f2 
are held. If A1, A2 and d are preselected to hold the rela 
tionships 

then the arrangement of FIG. 3 is identical in directional 
pattern to that shown in FIG. 1. 
The invention has been described as having a pair of 

time delay lines 40 and 46 connected in the circuit opera~ 
tive with the frequency of 11 thereby to combine the two 
multiple-lobed directional patterns for each of the fre 
quencies due to the phase difference between the signals 
induced on the antenna elements together at a common 
time point. However, it is apparent that the invention is 
equally applicable to a multiple-beam antenna system in 
which the time delay lines are omitted and such multiple 
lobed directional patterns are used as inputs to the as 
sociated computer include in the matrix and data process 
ing circuitry 34 in which they are suitably time delayed 
and combined together at a common time point to form 
the main lobes at speci?c angles of elevation respectively. 

While the invention has been illustrated and described 
in terms of a transmitted signal having a pair of different 
frequencies, it is to be understood that it is equally ap 
plicable to a transmitted signal consisting of three or more 
radio-frequency pulses having different frequencies and a 
common duration. In this case, an echo received by two 
antenna elements is divided into a plurality of different 
frequencies composing the signal through the use of suit 
able ?lters. Then for each frequency a multiple-lobed 
directional pattern is formed in the manner as previously 
described and the resulting patterns are combined in pairs 
together to form a plurality of main lobes which in turn 
cover partly or entirely the space to be searched. For 
example, with three different frequencies used, the direc 
tional patterns of antenna elements are combined together 
for each of the frequencies such that three lobes, one and 
only one for each of the patterns corresponding to each 
of the frequencies, coincide at predetermined angle of 
elevation. 

Alternatively three or more antenna elements may co 
operate with a plurality of different frequencies compos 
ing a transmitted signal with the satisfactory results. Also 
this measure may be advantageously applied to a combina 
tion of an antenna array including a plurality of an 
tenna elements disposed at different intervals in a com 
mon vertical plane and operative with a plurality of dif 
ferent frequencies. 
From the foregoing it will be appreciated that the ob 

jects of the invention have been accomplished by the 
provision of a radio detection apparatus comprising at 
least two antenna elements having the substantially same 
radiation characteristics and disposed at a predetermined 
interval greater than one half an operating wavelength, 
one of the antenna element being arranged to transmit 
periodically radio-frequency pulses, each of Which consists 
of a plurality of continuous radio-frequency pulses hav 
ing different frequencies and a common duration and 
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successively arranged with respect to time to form no 
spacing therebetween, ?ter means for dividing an echo 
received by all the antenna elements into the plurality of 
radio-frequency pulses having the different frequencies, 
and means for forming a multiple-lobed directional pat 
tern for each of the different frequencies. 

While the invention has been illustrated and described 
in conjunction with several preferred embodiments there 
of it is to be understood that various changes in the de 
tails of construction and the arrangement and combina 
tion of parts may be resorted to Without departing from 
the spirit and scope of the invention. 
What is claimed is: 
1. In a radio detection apparatus: the combination of 

an antenna array including at least two antenna elements 
of substantially the same radiation characteristics disposed 
in a common vertical plane and spaced from each other 
by a predetermined interval greater than one half an 
operating wavelength; one of said antenna elements serv 
ing to periodically transmit radio-frequency pulses having 
different frequencies and a common duration and suc 
cessively arranged with respect to time to form no spac 
ing therebetween; ?lter means for dividing the echo re 
ceived by all of said antenna elements into radio-frequency 
pulses each of which has one frequency and common 
duration; means for processing the divided pulses of the 
same frequency to form a multiple-lobed directional pat 
tern of said antenna array for each of said different fre 
quencies, and data processing means for combining a 
plurality of said multiple-lobed directional patterns in 
pair together. 

2. A radio-detection apparatus as claimed in claim 1 
wherein said data processing means combine said multiple 
lobed directional patterns in pairs together such that a 
selected lobe in one of each of the combined pattern 
pairs coincides with a selected lobe in the other of that 
pair at an angle of elevation to form a plurality of the 
main lobes di?erent in angle of the elevation from one 
to another combination of the pattern pair with said 
main lobes covering at least one portion of a space to be 
searched. 

3. A radio detection apparatus as claimed in claim 1 
wherein time delay circuit means for imparting different 
time delays to the said respective divided pulses to permit 
the pulses to be processed at a common time point and 
operational means for vectorially subtracting the said 
divided pulse for each of said different frequencies to form 
said multiple-lobed directional pattern, and said data 
processing means combine said multiple-lobed directional 
patterns in pairs together such that a selected lobe in one 
of each of the combined pattern pairs coincides with a 
selected lobe in the other of that pair at an angle of 
elevation to form a plurality of the main lobes different 
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in ‘angle of elevation from one to another combination 
of the pattern pair with said main lobes covering at least 
one portion of a space to be searched. 

4. A radio detection apparatus as claimed in claim 1 
wherein said pulse processing means include operational 
means for vectorially subtracting the said divided pulses 
for each of said different frequencies to form said 
multiple-lobed directional pattern, said data processing 
means cause said pulses to be processed at a common 
time point, thereby combining the directional patterns 
in pairs together such that a selected lobe in one of each 
of the combined pattern pairs coincides with a selected 
lobe in the other of that pair at an angle of elevation 
to form a plurality of the main lobes different in angle 
of elevation from one to another combination of the 
pattern pair with said main lobes covering at least one 
portion of a space to be searched. 

5. In a radio detection apparatus: an antenna array 
including at least two antennas; each antenna having 
substantially the same radiation characteristics and spaced 
apart from one another a distance greater than one half 
of a predetermined operating wavelength; one of said 
antenna being capable of periodically transmitting radio 
frequency pulses, each pulse itself comprising a plu 
rality of radio-frequency pulses having different fre 
quencies and a common duration and successively ar 
ranged with respect to time whereby no spacing exists 
therebetween; and means for dividing each echo pulse 
received by all said antennas into a plurality of return 
radio-frequency pulses each having a frequency'similar 
to one of said different frequencies and all having a dura 
tion similar to said common duration. 

6. In a radio detection apparatus according to claim 
5; further including time delay means for imparting dif 
ferent time delays to the divided return radio-frequency 
pulses to coordinate all said return pulses at a common 
point in time. 

7. In a radio detection apparatus according to claim 
6; further including means for vectorially subtracting the 
divided return pulses of a similar frequency received from 
different antennas. 
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