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(54) Title: METHOD AND SYSTEM FOR UNAMBIGUOUS ANGLE RESOLUTION OF A SPARSE WIDE-BAND ANTENNA

ARRAY

(57) Abstract: The present inventive concept for bistatic or monos-

tatic radar utilization discloses a method and a system for unambigu-
ous angle resolution of a sparse wide-band array antenna by utilizing
an ultra wide-band signal, generally a wide-band noise signal which
may be continuous bandwidth limited white or colored noise. The
noise signal is typically generated and radiated by a transmitting an-
tenna covering the entire reception range of a receiving sparse an-
tenna array. An echo signal is received by the sparse receiving array
containing n antenna elements, which are generally positioned with
separation distances of several wavelengths without creating strong
grating lobes due to the type of generated transmit signal. By means
of a selected auto-correlation function defining the wide-band noise
signal power spectrum, the convolution of the radiated output signal
and the received echo input signal will give the target range informa-
tion, the individual time-delay setting for each antenna element will
give an unambiguous angular resolution.
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METHOD AND SYSTEM FOR UNAMBIGUOUS ANGLE

RESOLUTION OF A SPARSE WIDE-BAND ANTENNA
ARRAY.

TECHNICAL FIELD

The present invention relates to wide-band antenna arrays, and more
particularly to a method and system for unambiguous angle resolution of a

sparse wide-band antenna array.

BACKGROUND

It is complicated or even almost impossible to build classic wide-band array
antennas providing good angle resolution. The reason for this is that the
separation of the elements is set by the highest frequency, typically half a
wavelength at fmax. The physical size of the elements is set by the lowest
frequency, typically half a wavelength at fmn. Thus, there is apparently a
contradiction between obtaining a wide bandwidth of the antenna and the

array density needed to avoid grating lobes at large scan angles.

Another problem is that array antennas having a large number of elements
will be undesired complex and expensive. Furthermore rotating antennas are
generally undesired as that implies further mechanical complexity. From a
strategic point of view there is also a desire to be able to keep peak power as

low as possible to minimize the risk of being detected.

Typical solutions of today utilize fully filled arrays and rotating antennas
combined with range coded long pulses, for instance using a binary phase
code. Signal classification is difficult with present solutions and different
hardware solutions have to be used for a respective function category, for

instance, a radar function or a jamming function.

Therefore there is a demand for further improvements of wide-band arrays
for obtaining also a better angular resolution produced by a less complex

solution compared to the state of the art.
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SUMMARY OF THE INVENTION

A method and a system for unambiguous angle resolution of a sparse wide-
band array antenna in a bistatic or monostatic radar configuration utilize an
ultra-wide-band signal, which in a typical embodiment may be continuous
bandwidth limited white noise or colored noise. The noise signal is generated
and radiated for instance by an omnidirectional transmitting antenna
covering the entire reception range of a receiving array. An echo signal is
received by the receiving array containing n antenna elements. The n
antenna elements are generally positioned with separation distances of
several wavelengths without creating strong grating lobes. By means of a
selected auto-correlation function defining the wide-band noise signal power
spectrum, the convolution of the radiated output signal and the received
echo input signal will give the target range information, the individual time-
delay setting for each antenna element will give an unambiguous angular

resolution.

A system according to the present invention is set forth by the independent
claim 1, and further embodiments of the invention are set forth by the

dependent claims 2 to 9.

Further a method according to the present invention is set forth by the
independent claim 10, and further embodiments are defined by the

dependent claims 11 to 17.

SHORT DESCRIPTION OF THE DRAWINGS
The invention, together with further objects and advantages thereof, may
best be understood by referring to the following detailed description taken

together with the accompanying drawings, in which:

FIG. 1 illustrates an illustrative array antenna according to the present

inventive concept,
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FIG. 2

FIG. 3

FIG. 4

FIG. 5

FIG. 6

FIG. 7

3

illustrates a principal embodiment of a wide-band array according
to the present invention having the number of receiving antenna

elements n = 32;

illustrates in a number of graphs a) to f) the auto-correlation
function for white bandwidth limited noise using a bandwidth
from 200% and down to 6.25%;

illustrates in a graph the convolution of radiated and received

signal as a function of signal-to-noise ratio;

illustrates in a block diagram three bearing channels;

illustrates a wide-band pattern for a linear receive array
containing a binary number of 1 to 512 elements for a central
noise transmitter; and

llustrates a wide-band pattern for a circular receiver array

containing a binary number of 4 to 2048 elements for a central

omnidirectional noise transmitter.

DETAILED DESCRIPTION

In a typical illustrative embodiment a very broad-banded signal, which may

be continuous band-limited white or colored noise is generated and

transmitted by an antenna, which for instance is isotropic in its horizontal

plane. The echo signal in a bistatic or monostatic configuration is received by

n receiver antennas. The n antennas are spaced at distances of several

wavelengths, e.g. 10 wavelengths at fmn. These antennas being placed at

separation distances of several wavelengths do not create dominating grating

lobes due to the frequency spread achieved by the large bandwidth. By

grating lobes we refer to periodic repetitions of a main lobe.
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Each antenna may be a vertical array to increase the gain in the horizontal
plane. To minimize leakage between the transmitting antenna and the
receiver antennas the transmitting antenna preferably is positioned as far as
possible from the receiving antennas and for instance at a different height
than the receiving antennas. Figure 1 illustrates a principal shape with n =
3, the transmitting antenna is denoted as 1 and the receiver antennas are
denoted 3. A structure carrying the transmitter antenna is denoted as
reference number 5. A transmitter and n receivers with accompanying signal
processing is housed in the electronic unit 7. Figure 2 illustrates a practical
embodiment of a circular array with n = 32, the transmitting antenna sitting
elevated in the middle and the receiving antenna in a ring below. One
transmitter, n receivers with accompanying signal processing being housed

in the base of the array.

The idea of using a continuous ultra broad-band signal like band-limited
white noise is, that only the central lobe can be considered additive for all
frequencies within the wide band used. Grating lobes resulting from the
different frequencies within the broadband signal will not be added in the
same way as the grating lobe pattern will for each separate frequency
component being a function of the spacing of antenna elements used. This
will result in an angle resolution, which may be used, for instance, for radar
purposes. This was simulated in a frequency range of 6 - 18 GHz, which can
simply be obtained. The distance to the target is determined by finding the

peaks in the convolution between the input and output signal.

Principle for range resolution

Assume an array wherein the main lobe of each antenna element points in a
radial direction in the circular case and in a direction @ = O in the linear
case. Further assume that the diagrams of the elements have the simple

frequency independent form according to Equation (1):
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cos(8)>0 )

cos(0) if
cos(8)<0

if

The radiated noise signal is assumed to be eit). The sum from all n receiver

antennas may then for a spot target be written according to Equation (2)

10

Linear array
(2)

G)Z( 2R+r )-r,,(e))

7 (6)) EL t9—n-—2—7£ Circular array
" N

Ze, (t—%+z‘n P)-

Where R, ¢ are distance and bearing, respectively, to the target. § means

b
current antenna search angle. Time corrections 7, are calculated according

to Equation (3):

7, (¢)

n L sin(¢) Linear array
N-1 ¢,
(3)
D 2
-cos| ¢ —n-— | Circular array
2-c, N

Convolution between the radiated and the received signal can, according to

Equation (4), be written:

15
5.()=E[e ()6, ()] =E[#" {#{e (O} # (e ()] - )
I EL(6) Linear array
Nt ol 2R (9)-, (e))
; ! 74 2_ { G . =
E|# ‘[J {e'(t)}] ;e . EL(B—n--ZNi)Circulararray
r 2 .
1] g a),s|w|Sw2 ‘N_l jw{_%{""(ﬂ_r”(a]' EL(6) Linear array
' @2~ _ e EL H—n-z—”)Circular array
I 0 Otherwise N

20
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2 |w,—@, nm EL| 6 —n-— (Circular array
2 N

| mj‘ ot e jm{-%&f"@)-f"(s)) EL(9) Linear array .
- . . e o . e . dwl=
27 @, — 0 " EL H—n-z—” Circular array

@ N

L(6 Lin rr

1 o © EL(6) earamay | o jm‘[:-{ﬁm(oﬂ)—n,(o)] —m{f—i’—"mw)—r”(o))
—_— . 2 . . e 0 +e 0 -dw =
2 w,-m o EL(H—n-Wijcular array |

EL(6) Linear array

."’jcos[a,.[t_2-R+,”(¢)_,"(g)ﬂ.dw=

@, -@, = |EL e—n-%JCircmar array | Co

e (EL(0) Lin. sin[a)z .(,_ 2C-OR +7,(4)-7, (H)H—sin{a)l .(t_ 2COR +7,(4)-7, (e)ﬂ
w,-o, o EL(H—n-%[)Cir. ' t—zc'oRHn (#)-7.(0)

Where & denotes the Fourier transform. We have assumed that eyt) is white

bandwidth limited noise from w,to w,.

Principle for angle resolution

The principle for resolution in angular direction is that grating lobes of
respective frequency will land in different directions. The level of other lobes
than the main lobe seen over the entire bandwidth will be expected to be low
as grating lobes over the wide bandwidth generally will counteract each
other. The radiated noise signal is assumed to be eft). Ree(7) is the auto-
correlation function of eft). If we presume that eft) is white bandwidth limited

noise from o, to @, it is easy to prove that the auto-correlation function can

be written according to Equation (5) below:

sin |i(co2 —w,)- %]

(a’z"a’l)'

R, (r)=0" .cos[(a)z +wl)-%]-

(5)
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Here o denotes the noise standard deviation and the mean power of the

noise signal is ¢2.

Linear array

For a basic first embodiment of the present invention assume a linear array
with a length L where the main lobe of each antenna element points in the
direction @ = 0 and has the simple frequency independent shape according to

Equation (6):

cos(ﬁ) if cos (0) >0

EL(0)= 0 if cos(6)<0

6)
The sum of all n receiver antennas then can be written according to
Equation (7):

N-1

E,(0)=EL(6)- Y e(t-22+1,(4)-7,()) (7)

n=0
Where R, ¢ are distance and bearing to the target, respectively.  is the

current antenna search angle. Time corrections 7, are calculated according

to Equation (8):
(¢) (N 1) E'Sin(¢) (8)

Expected value of the antenna diagram AP(f, ¢) is calculated according to

Equation 9:

AP(6,8)=10- 1og{E[E§ ©.9)]} (9)
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We will now be able to perform the following calculation:

E[(EL(e))Z -j:e(t——zc‘-o—+rn (4)-r, (e))-:e(,_zgﬂm (4)-z, (0))j -
E| (1O S eli-2 45, 0)-5, (0) {12247, 0)-+. )
(EL (6’))2 :gE[e (t—zc'—nR+z'n (¢)-7, (9))-e(t -4z, (4)-7, (0)): =

(EL(9)) - R, (z,(9)-7,(0)~7,(#)+7,(9))

Figure 6 illustrates power normalized to the main beam as function of angle
-90 to + 90 degrees for variation of number of elements in binary steps from
1 to 512. As can be seen already with 8 elements a good angular resolution

is obtained with a surrounding signal level at - 10 dB .

Circular array

For a second embodiment of the present invention assume a circular array
having the main lobe of each antenna element pointing in a radial direction

and according to Equation (10) has the simple frequency independent shape:

_[cos(8) if cos(8)>0

EL(9)= 0 if cos(8)<0 (10)

The sum, from all n receiving antennas then can be written according to

Equation (11):

E;(6)= e(r—zc-o—'wrn(¢)-Tn(6))-EL(a—n-%”) (11)
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R, ¢ are distance and bearing to the target, respectively, and @ is the current
antenna search angle. Time corrections 7 are calculated according to

Equation (12):

O sn ) w

Expected value of the antenna diagram AP(6, ¢) is calculated according to

Equation (13):
4P(6,4)=10-log{E[ £2(6.9) } (13)

Then, we can perform the following calculation:

E[:e(r—%+rn(¢)—n(9)) EL[Q—n-z—;—) :e(z—{fﬂ (#)-7.(9)) EL(@—m %”)}
eSS el 4.0 0) B[00 22 fi-22 5, 9) -5, 0) 52 0-m 22 |-
:gE[e(t—{f+r (6)-7, (0)) e(t—ﬂ"'fm(¢)—T,,,(¢9)):|‘EL(0—;1 37{) EL(B—m gN@)=
NOR (7.()-7.(8)-7,(¢)+7, (9))'EL(0—n-27”]-EL(0—m-%§J

Conformal array

In yet a third embodiment the antenna array may well be formed as a
conformal array and calculated in a similar way corresponding to the above

examples of the linear and circular array.

Simulations
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Figure 3 demonstrates the auto-correlation function for white bandwidth
limited noise according to equation (5). As can be seen a bandwidth of 100%

is needed to get the sidelobes down to a reasonable level.

For the simulations 100% bandwidth and a center frequency of 12 GHz was
chosen. In other words the frequency rangé of the radar was 6 - 18 GHz. The
distance to the target is determined by finding the peaks of the convolution

between input and output signal.

Figure 4 illustrates a simulation result when signal-to-noise was varied. In
this case the target is an object, 1 meter long, standing still at a distance of
750 meters. The target area as function of distance is an equally distributed
random number per distance sample. The sampling rate in this case was 50
GHz. From the response of the convolution the signature of the target can be
interpreted in the form of the derivative of target area as function of
distance. This may then be used to classify and identify the target by

comparison with suitable library data.

Figure S illustrates a principal block diagram of three bearing channels.
Noise source N, antenna elements, power amplifier PA, filters and A/D
converters are common for all bearing channels. By varying the time delays T
the direction of the main lobe is selected. In a fully supported system many
parallel bearing and distance channels are realized, such that the full solid
angular sector continuously can be watched, for example almost +90° for a
linear receiving antenna array and +180° for a circular receiver antenna

array.

The principle for the angular resolution utilized is that grating lobes
integrated over the large frequency range become rather low, while signals of
a main lobe generally will be summed, which of course clearly comes out

from the auto-correlation.



15

20

WO 2004/104628 PCT/SE2003/000833

11

Figure 7 illustrates power normalized to the main-beam as function of angle
-180 to + 180 degrees for variation of number of elements in binary steps
from 4 to 2048. As can be seen already with 32 elements a good angular
resolution is obtained at - 12 dB. In this simulation for instance 8 elements
correspond to an inter-element distance corresponding to around 8
wavelengths along the perimeter of the array. Figure 7 further illustrates
that a further increase of elements will not mean any significant further
improvement from what is already achieved at element distances well above
half a wavelength, i.e. 64 elements corresponding to two wavelengths at the
lowest frequency. In standard thinking half a wavelength is generally the
limit for avoiding grating lobes periodically repeating themselves in an array

according to the state of the art.

As is also seen in Figures 6 and 7 the auto-correlation function for the
radiated signal appears in the angular direction. Interesting is that the auto-
correlation function as a matter of fact can be chosen such that desired
characteristics are obtained. The Fourier transform of the selected auto-

correlation function gives necessary power spectrum of the radiated signal.

It will be understood by those skilled in the art that various modifications
and changes could be made to the present invention without departure from

the spirit and scope thereof, which is defined by the appended claims.
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CLAIMS

1. A system for unambiguous angular resolution in connection with a
sparse wide-band antenna array for bistatic or monostatic radar operation,
characterized in that

an ultra wide-band band microwave signal is generated and
radiated via a transmitter antenna;

a receiving microwave antenna array is formed by n of individual
antenna elements generally distributed at distances of several wavelengths;

whereby a resulting radar range echo response is achieved as a
convolution between sampled radiated wide-band output signal and sampled
total input signal received by the receiving antenna array as echoes from a
target object, the convolution result being read out as a signature of the

target.

2. The system according to claim 1, characterized in that the ultra
wide-band microwave signal is generated as band-limited white noise, the
convolution result being read out as a signature of the target for 100%
bandwidth approximately in form of the derivative of the target area as

function of distance.

3. The system according to claim 1, characterized in that the ultra
wide-band microwave signal is generated as band-limited colored noise, by

using a selected auto-correlation function for the generated noise.

4. The system according to claim 1, characterized in that the ultra
wide-band microwave signal comprises a frequency range of the same order

as the center frequency.

S. The system according to claim 1, characterized in that the

antenna arrays are linear arrays.



10

15

20

25

30

WO 2004/104628 PCT/SE2003/000833

13
6. The system according to claim 1, characterized in that the
antenna arrays are circular arrays.
7. The system according to claim 1, characterized in that the

antenna array is formed as an conformal array.

8. The system according to claim 1, characterized in that in an
monostatic circular configuration an omnidirectional transmitting antenna
array is generally positioned at another height than the n receiving
microwave antenna arrays to minimize leakage between transmit and receive

antennas.

9. The system according to claim 6, characterized in that the
transmitter antenna array and the n receiving antenna arrays are

omnidirectional.

10. A method for obtaining unambiguous angular resolution in
connection with a sparse wide-band antenna array for bistatic or monostatic
radar operation, characterized by the steps of

generating an ultra wide-band band microwave signal being
radiated via a transmitter antenna;

arranging a receiving microwave antenna array formed by n of
individual antenna elements generally distributed at distances of several
wavelengths;

achieving a resulting radar range echo response by a convolution
between sampled radiated ultra wide-band output signal and sampled total
input signal received by the receiving antenna array as echoes from a target
object,

reading out the result of the convolution as a signature of the

target.
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11. The method according to claim 10, characterized by the further
steps of generating the ultra wide-band microwave signal as band-limited
white noise, and reading out the convolution result as a signature of the
target for 100% bandwidth approximately in form of the derivative of the

target area as function of distance.

12. The method according to claim 10, characterized by the further
step of generating the ultra wide-band microwave signal as band-limited
colored noise by using a selected auto-correlation function for the generated

noise.

13. The method according to claim 10, characterized by the further
step of generating the ultra wide-band microwave signal in a frequency range

having an order about equal to the value of the center frequency.

14. The method according to claim 10, characterized by the further

step of using linear arrays as receiving antenna.

15. The method according to claim 10, characterized by the further

step of using circular arrays as receiving antenna.

16. The method according to claim 10, characterized by the further

step of using an conformal array as antenna.

17. The method according to claim 10, characterized by the further
step of in a monostatic circular configuration generally positioning an
omnidirectional transmitting antenna array at a different height compared to
the receiving microwave antenna array to minimize leakage between transmit

and receive antennas.



WO 2004/104628 PCT/SE2003/000833

15

18. The method according to claim 15, characterized by the further
step of making the transmitter antenna array and the n receiving antenna

arrays omnidirectional

* k %k k %
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