Office de la Proprieté Canadian CA 2363720 C 2008/06/03

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 363 720
Findustrie Canada Industry Canada a2 BREVET CANADIEN
CANADIAN PATENT
13) C
(86) Date de depot PCT/PCT Filing Date: 2000/02/21 (51) CLInt./Int.Cl. G075 5/00 (2006.01),
(87) Date publication PCT/PCT Publication Date: 2000/09/08 GO15 5/06 (2006.01), GOTS 5/74(2006.01)
- . (72) Inventeurs/Inventors:
(45) Date de délivrance/lssue Date: 2008/06/03 BEALE. DEAN ALISTAIR ROBERT. GB:
(85) Entree phase nationale/National Entry: 2001/08/14 BLAKE, ALAN PATRICK. GB:
(86) N° demande PCT/PCT Application No.: GB 2000/000607 SLADE, IAN ROY, GB,;
o o TRAFFORD, KEITH, GB
(87) N publication PCT/PCT Publication No.: 2000/052494 o
L (73) Proprietaire/Owner:
(30) Priornité/Priority: 1999/03/03 (GB9904749.0) QINETIQ LIMITED, GB
(74) Agent: FETHERSTONHAUGH & CO.
(54) Titre : SYSTEME DE DETECTION
(54) Title: SENSOR SYSTEM
10 4U
3¢
SIGNAL. =0
PROCESSING
UNIT
30 VEHICLE
- /
______ !/
REAR ) FRONT
(57) Abréegée/Abstract:

A sensor system (10) for locating transmitters incorporates three vehicle-mounted patch antennas (30 to 34), a signal processing
unit (40), a navigation unit (50) and a computer (60). The navigation unit (50) measures sensor system position using the Global
Positioning System. The antennas (30 to 34) recelve radiation from a transmitter (210) to be located and respond by generating
output signals which are frequency downconverted and processing coherently by a digital signal processing unit (230). This
produces elevation and azimuth phase data for the computer (60), which determines measured phase differences. The computer
(60) also calculates expected phase differences from antenna positions and trial transmitter positions. It determines transmitter
location from correlation between measured and expected phase differences. The position of a transmitter (210) Is determined for
a humber of sensor system positions.

B

.

'

e
ok [ [ f
RO . e s
. M "c'-'-.n:‘-:{\: .«me . m s
.
.

A7 /7]
o~

C an a dg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




CA 02363720 2001-08-14

PCT WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification / : | (11) International Publication Number: WO 00/52494
GO01S 5/06, 1/04 Al

(43) International Publication Date: 8 September 2000 (08.09.00)

pgrr— P PO i i e =S i 4 et P - S - Pt Prrgpy—— — T ———

(21) International Application Number: PCT/GB00/00607 | (74) Agent: BOWDERY, A., O, The Secretary Of State For
Defence, Dera Intellectual Property Dept., A4 Building
(22) International Filing Date: 21 February 2000 (21.02.00) ﬁsg(m(GGBO)l@ Ively Road, Farnborough, Hampshire GU14

(30) Priority Data:

9904749.0 3 March 1999 (03.03.99) GB | (81) Designated States: AE, AL, AM, AT, AU, AZ, BA, BB, BG,
| BR, BY, CA, CH, CN, CR, CU, CZ, DE, DK, DM, EE,
ES, FI, GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP,

(71) Applicant (for all designated States except US): THE SEC- KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA,
RETARY OF STATE FOR DEFENCE [GB/GB]; Defence MD, MG, MK, MN, MW, MX, NO, NZ, PL, PT, RO, RU,
Evaluation & Research Agency, Ively Road, Farnborough, | SD, SE, SG, SI, SK, SL, TJ, TM, TR, TT, TZ, UA, UG,
Hampshire GU14 OLX (GB). US, UZ, VN, YU, ZA, ZW, ARIPO patent (GH, GM, KE,

LS, MW, SD, SL, SZ, TZ, UG, ZW), Eurasian patent (AM,

(72) Inventors; and | AZ, BY, KG, KZ, MD, RU, TJ, TM), European patent (AT,

(75) Inventors/Applicants (for US only): BEALE, Dean, Alistair, | BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, IT, LU,
Robert [GB/GB]; Defence Evaluation & Research Agency, MC, NL, PT, SE), OAPI patent (BF, BJ, CF, CG, CI, CM,
St.  Andrews Road, Malvern, Hereford and Worcester GA, GN, GW, ML, MR, NE, SN, TD, TG).

WR 14 3PS (GB). BLAKE, Alan, Patrick [GB/GB]; Defence
Evaluation & Research Agency, St Andrew Road, Malvern, |
Hereford and Worcester WR14 3PS (GB). SLADE, Ian, | Published

Roy [GB/GB]; Defence Evaluation & Research Agency, St With international search report.
Andrew Road, Malvern, Hereford and Worcester WR14 3PS
(GB). TRAFFORD, Keith [GB/GB]; Defence Evaluation & |

Research Agency, St Andrews Road, Malvern, Hereford and
Worcester WR14 3PS (GB).

_ _ L

(54) Title: SENSOR SYSTEM

20

,,,,,, ! | SYSTEM

N ot om0 0t it o o - - - !

FRONT

(57) Abstract

A sensor system (10) for locating transmitters incorporates three vehicle-mounted patch antennas (30 to 34), a signal processing unit
(40), a navigation unit (50) and a computer (60). The navigation unit (50) measures sensor system position using the Global Positioning
System. The antennas (30 to 34) receive radiation from a transmitter (210) to be located and respond by generating output signals which are
frequency downconverted and processing coherently by a digital signal processing unit (230). This produces elevation and azimuth phase
data for the computer (60), which determines measured phase differences. The computer (60) also calculates expected phase differences
| from antenna positions and trial transmitter positions. It determines transmitter location from correlation between measured and expected
phase differences. The position of a transmitter (210) is determined for a number of sensor system positions.
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SENSOR SYSTEM

This invention relates to a sensor system and a method for locating transmaitters.

It is known to locate transmitters with an antenna which is scanned until its signal 1s a
maximum; this gives transmitter bearing relative to the system but not intervening
distance. The distance can be determined by two steerable directional antennas of
known separation and relative orientation: this gives two different transmitter bearings
with a known baseline from which transmitter/system distance can be calculated. It
suffers from the disadvantage of requiring two steerable directional antennas, which
should ideally be spaced apart by a distance comparable to that between the transmitter

and location system. If spurious multipath signals are present, adequate accuracy may

not be obtainable.

Pulse-echo target location systems (radar, sonar, lidar) are also well known. They
employ directional antennas and determine target distance from pulse time of flight and
direction from bearing of peak receive signal. Features in the system field of view

reflect interrogating pulses irrespective of whether or not they are transmuitters.

In applications such as surveillance, there is a requirement for locating a transmitter to
an accuracy of better than 5 m in a cubic space of side 100 m. Current radars and
direction finding systems either lack sufficient accuracy or are undesirably expensive

and complex, and can be difficult to mount on moving platforms of convenient size, eg

road vehicles or aircratft.

US Pat No 5,835,060 to Czarnecki et al discloses a long base line interferometer system
for transmitter location. The system employs antennas at each end of the base hine and
measures phase differences between antenna output signals at successive positions along
a system movement path between 2 m and 100 m long. Discontinuities in phase

measurement are removed by “unwrapping”, ie addition or subtraction of 27 to produce
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phase values between 7 and -n. To remove an unwanted unknown phase constant, each
successive measured phase difference is subtracted from the next along the
measurement path to give a difference of differences or differential. Differentials are
also predicted for grid points being searched. Predicted differentials are then subtracted
from measured equivalents to produce residuals; a cost function is then derived which 1s
the sum of the squares of the residuals reduced to their principle value. The cost
function with the lowest value is the starting point for non-linear least squares
convergence to obtain a value for transmitter position, which can 1n turn be used as a
new starting point for a further iteration. Unfortunately, this technique 1is sensitive to

noise; moreover, as will be described later in more detail, simulation indicates that 1t 1s

not sufficiently accurate, particularly at low signal to noise ratios.

It is an object of the invention to provide an alternative form of sensor system.

The present invention provides a sensor system for transmitter location incorporating;

a) two receiver elements responsive to incident radiation by generation of respective
signals,

b) a processing system for determining phase difference data for pairs of element
signals,

¢) means for measuring sensor system position in terms of position data;

d) computer apparatus for determining transmitter position from phase difference data
measured from processed element signals and calculated from trial transmtter
locations,

characterised in that the computer apparatus is arranged to locate transmitters from

magnitude or phase of circular functions of differentials between measured and

calculated phase difference data.

The invention provides the advantage that because circular functions are used 1t 1s not

necessary to alter phase values by 27 or to calculate iteratively. Instead location 1S
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obtained directly. Moreover, simulation indicates that improved accuracy and noise

immunity is obtained compared to the prior art.

The processing system may be arranged to process a pair of element signals or a pair of
frequency downconverted signals equivalent thereto by multiplying one signal of each

pair in either case by a complex conjugate of the other to enable their phase difterence

to be measured. It may be arranged to determine phase difference by:

a) mixing each signal of a pair with sine and cosine reference signals to determine 1n-

phase and quadrature components,

b) multiplying each component of one signal by both components of the other to

produce an in-phase component product, a quadrature component product and two

products of in-phase and quadrature components,

¢) adding the in-phase component product to the quadrature component product, and

d) subtracting one product of in-phase and quadrature components from the other.

The processing system may be arranged to digitise signals at a sampling rate prior to
mixing with reference signals, the reference signals have a frequency of one quarter of

the sampling rate, and mixing is implemented by multiplication of alternate samples by

0 and one other sample 1n four by -1.

The circular functions of differentials between measured and calculated phase difference
data may be complex exponents, and the computer apparatus may be arranged to
determine actual transmitter location by summing exponents over a range of system
positions and to indicate transmitter location from the magnitude or phase of this
summation. The computer apparatus may alternatively be arranged to determine actual
transmitter location by producing summations of the exponents over a range of system
positions, to multiply the summations together to form a product and to indicate

transmitter location as that corresponding to a predetermined magnitude or phase of this

product.
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The measuring means may comprise a GPS base station and co-located with the receiver

elements a GPS subsidiary station for co-operation with the base station and provision

of position data.

The sensor system may be movable relative to a transmitter to be located, the base and
subsidiary GPS stations being arranged to provide position data and the computer

apparatus being arranged to subtract calculated phase differences from those of

processed element signals for a series of sensor system positions.

- The measuring means may be arranged to implement inertial navigation.

The system of the invention may incorporate at least three receiver elements disposed to

define a plurality of measurement dimensions in which to locate a transmitter, and the

receiver elements may be patch antennas.

In an alternative aspect, the present invention provides a method of locating a

transmitter having the steps of:

a) providing two receiver elements responsive to incident radiation by generation of
respective signals,
b) determining phase difference data for pairs of element signals,

¢) measuring sensor system position in terms of position data;

d) determining transmitter position from phase difference data measured from processed

element signals and calculated from trial transmitter locations,
characterised in that transmitter position is determined from magnitude or phase of at

least one circular function of a differential between measured and calculated phase

difference data.

Phase difference data may be determined for pairs of element signals by multiplying one

signal of each pair in either case by a complex conjugate of the other to enable their

phase difference to be measured: this may be implemented by:

a) mixing each signal of a pair with sine and cosine reference signals to determine 1n-

phase and quadrature components,



10

15

20

29

CA 02363720 2001-08-14
WO 00/52494 PCT/GB00/00607

S

b) multiplying each component of one signal by both components of the other to

produce an in-phase component product, a quadrature component product and two
products of in-phase and quadrature componerits,
¢) adding the in-phase component product to the quadrature component product, and

d) subtracting one product of in-phase and quadrature components from the other.

Signals may be digitised during processing at a sampling rate prior to mixing with
reference signals, the reference signals have a frequency of one quarter of the sampling

rate, and mixing is implemented by multiplication of alternate samples by 0 and one

other sample 1n four by -1.

Phase differences may be calculated for a plurality of possible transmitter locations and

actual transmitter location determined from correlation between calculated and

measured phase differences.

The at least one circular function may be at least one complex exponent. It may be a
plurality of complex exponents, actual transmitter location being determined by
producing a summation of exponents over a range of system positions and transmuitter
location being that associated with a predetermined magnitude or phase of this
summation. Actual transmitter location may alternatively by determined by producing a
plurality of summations of exponents over a range of system positions and
corresponding to respective dimensions of transmitter location, multiplying the

summations together to form a product and indicating transmitter location to be that

corresponding to a predetermined magnitude or phase of this product.

Position data is provided by means of a GPS base station co-operating with a GPS

subsidiary station co-located with the receiver elements.

The receiver elements may movable relative to a transmitter to be located, position data
may be provided by base and subsidiary GPS stations and calculated phase differences

may be subtracted from those of processed element signals for a series of sensor system

positions.



10

15

20

25

CA 02363720 2001-08-14

WO 00/52494 PCT/GB00/00607

The method may employ at least three receiver elements n the form of patch antennas

disposed to define a plurality of measurement dimensions in which to locate a

transmitter.

In order that the invention might be more fully understood, embodiments thereof will

now be described, by way of example only, with reference to accompanying drawings,

in which:

Figure 1 is a schematic side elevation of a sensor system of the invention installed
in a road vehicle; .

Figure 2 shows antenna positions in Figure 1;

Figure 3 is a plan view equivalent of Figure 2;

Figure 4 illustrates the system of the invention communicating with a global
positioning system (GPS) satellite and base station;

Figure 5 illustrates the system of the invention detecting a remote transmitter;

Figure 6 is a phase processing circuit two of which are incorporated in the system of
the invention shown 1n Figure 5;

Figure 7 illustrates operation of the invention in searching a volume for a
transmitter;

Figure 8 is a graphical illustration of transmitter location probability; and

Figure 9 compares prior art location accuracy with that of the invention.

Referring to Figures 1, 2 and 3, a sensor system 10 of the invention is installed 1n an
estate car road vehicle 20. It incorporates three patch antennas 30, 32 and 34 mounted
externally on one side of the vehicle 20, a signal processing unit 40, a navigation unit 50
and a computer 60. The navigation unit 50 1s a satellite-based global positioning system
(GPS) transceiver with an associated antenna assembly 70 mounted on a ladder rack on

the vehicle roof. The computer 60 is mounted in a forward position within the vehicle

20, whereas the processing and navigation units 40 and 50 are to 1ts rear.
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In operation, the navigation unit 50 provides the computer 60 with a positional reference

for a point P, at the intersection of three Cartesian axes 130, 140 and 150, of which the

first two are horizontal and the last vertical.

The antennas 30 to 34 are mounted on the vehicle 20 at distances of 1.121 m, 0.162 m,
1.082 m respectively from the plane of the first two axes 130 and 140. They are distant
1.383 m, 1.383 m and 2.128 m respectively from the plane of the second and third axes
140 and 150, and 0.948 m, 0.571 m and 0.354 m respectively from the plane of the first
and third axes 130 and 150. They provide two antenna pairs 30/32 and 30/34, the

antennas of each pair being spaced apart in a respective dimension to be searched for a

transmuitter.

The antennas 30 to 34 have patch dimensions of 97 mm (height) x 100 mm (width) x 3
mm (thickness). They have voltage standing wave ratios (VSWR) between 1.23:1 and
1.25:1, and a receiving bandwidth of 18 MHz for a VSWR not exceeding 3:1. Each
antenna 30 to 34 has a gain response of typically 6 dBi with a polar response

characteristic having 70°-wide gain lobes in both E and H planes: here dB1 indicates dB

relative to an isotropic dipole.

Referring now to Figure 4, the system 10 is shown in communication with a global
positioning system (GPS) base station 160 and a GPS satellite 161 for determination of
position and from which vehicle yaw was inferred. It is a better option to include 1n
addition an inertial navigation system because it determines attitude (pitch, yaw and
roll) as well as position but it adds to expense. The antenna assembly 70 incorporates a
backlink antenna 70a and a GPS antenna 70b communicating respectively with the GPS
satellite 161 and a backlink antenna 162b of the base station, which also has a GPS

antenna 162a. Positions are determined with respect to Cartesian axes 172, the base

station 160 and the vehicle 20 being at (x1, y1, z1) and (x2, y2, z2) respectively.
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In operation, the satellite 161 communicates with both the navigation umt 50 and the
GPS base station 160, and the GPS base station 160 communicates with the navigation

unit 50 via antennas 162b and 70a. This arrangement is a differential GPS system of

known kind whose mode of operation will not be described in detail.

Referring now to Figure 5, the sensor system 10 is shown in more detail together with
the GPS base station 160 and a transmitter 210 to be located. The transmitter 210 has a
1 GHz output signal with +20 dBm power. The processing unit 40 includes a recerver

220 connected to the antennas 30 to 34 and to a digital signal processor (DSP) 230,

which is also connected to the navigation unit 50. The DSP 230 and the navigation unit

50 are connected to the computer 60.

In operation, the antennas 30 to 34 receive signals from the transmitter 210 and respond
by supplying output signals to the processor 40 for processing and subsequent input to
the computer 60. At the same time, the navigation unit 50 measures antenna positions
relative to a positional reference provided by its GPS transceiver and the GPS base
station 160 in combination. It provides positional data to the computer 60 at a rate of 1
sample every 3 seconds. The vehicle 20 moves relative to the transmitter 210, and the
system 10 detects signals from the transmitter 210 at many locations, for example 3000
locations. The computer 60 processes the output from the processing unit 40 and the

positional data from the navigation unit 50 to calculate the transmitter position relative

to the system 10 for output at R.

The GPS base station 160 and the navigation unit 50 together provide a positional
reference for the system 10. This allows the positions of the antennas 30, 32 and 34 to
be established to an accuracy of 10 cm. Without the GPS base station 160, 1e using only

a GPS station on the vehicle 20, this positional accuracy would only be ~30 m. It 1s

desirable to search a volume of 10° m” to an accuracy of ~2 m or better: a 30 m

uncertainty is not acceptable.
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The receiver 220 incorporates three signal processing channels (not shown) of like
construction and connected to respective antennas 30, 32 and 34 by cables which are as
nearly equal in length as possible to avoid affecting phase differences between antenna
signals. Using standard superheterodyne techniques well known in radar and
communications, each channel downconverts the 1 GHz signal from its associated

antenna to generate a 5 kHz base-band signal. It uses two mixing stages and filters to

achieve this, employing 978.6 MHz first local oscillator (LO) and a 21.395 MHz second
LO. This is conventional technology and will not be described further. The need or
otherwise for frequency downconversion depends on the magnitude of the transmitter

frequency and the speed of processing circuitry: downconversion can be omitted 1f the

former is sufficiently low and/or the latter sufficiently high.

The three signal processing channels together provide three base-band channel output
signals each with a centre frequency of 5 kHz; they are referred to as Chl, Ch2 and Ch3
and are associated with antennas 30, 32 and 34 respectively. As will be described later
in more detail, the system 10 determines the phase differences between the Chl, Ch2
and Ch3 output signals for a number of positions of the vehicle 20 relative to the
ransmitter 210. Because the absolute position of the vehicle 20 is known from 1ts

navigation unit 50, the absolute position of the transmitter 210 can be determined as will

be described later.

The DSP 230 receives as input signals the Chl, Ch2 and Ch3 output signals and a 5 Hz
GPS data trigger or timing signal from the navigation unit 50. It incorporates two like
processing circuits each obtained by reconfiguring a commercially available signal

processing circuit as will be described. It calculates phase differences between these
signals for use in the computer 60 for azimuthal and elevation calculations of transmuitter
position. It processes coherently in the sense that phase difference information contained
in the signals J1 and J2 is preserved and processed to become computer accessible for
subsequent determination. It processes the Chl, Ch2 and Ch3 signals to determine their

in-phase and quadrature components in each case, and then processes the components to
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determine phase difference and amplitude product. This 1s carried out for signal pairs

Ch1/Ch2 and Ch1/Ch3, Chl being used twice.

Figure 9 shows a circuit 500 of which there are two in the DSP 230. It is configured by
programming a general-purpose circuit No ADSP 2181 manufactured by Analogue
Devices Inc. It comprises both analogue and digital circuits and 1s controlled by a 20
MHz clock. It receives two analogue input signals J1 and J2, these being Chl and Ch2
for one of the two circuits and Chl and Ch3 for the other. The circuit 500 has two signal
channels indicated by suffixes a and b to reference numerals. Apart from an additional
function of signal inversion in channel b, the channels have like functions and like-
referenced components except for suffixes, which will be omitted when describing both
channels. As previously mentioned and as will be described in more detail later, the
circuit 500 processes the signals J1 and J2 coherently in that it preserves their phase
‘“formation relative to one another; it transforms them in such a way that their phase
difference can be isolated and determined directly. At 600 the signals J1 and J2 are
amplified and digitised at a sampling frequency of 48,000 samples per second (48 kHz)
giving digital data streams D1 and D2; the latter are low-pass filtered at 604 to reduce

noise (cut-off frequency 10 kHz) producing filtered data streams El and E2

respectively. J1 and J2 have a relative phase difference of ¢ and can be expressed by:
Jl= A4 cosw,t (1)

J2 = A, cos(a)lt + gp) - (2)

Sine and cosine (ie in quadrature) reference signals 608 and 612 of 12 kHz frequency
are mixed with the filtered data streams E1 and E2 at 616 and 618: this produces mixed
data streams I1p and Q1p for E1 and I2p and Q2p for E2; here I and Q indicate 1n-phase
and quadrature components into which the streams E1 and E2 are decomposed by
mixing. The reference signals are synchronised with and one quarter the frequency of
the digital sampling frequency of 48 kHz mentioned above; in consequence there are

four samples per cycle of each reference signal, ie the samples are separated by
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reference signal quarter cycles or n/2 phase angles. Moreover, the reference phase
values at four successive samples are 0, ©/2, © and 3n/2: the cosines for these are 1, 0, -
1 and 0, and the sines are 0, 1, 0 and -1. Mixing with reference signals 608 and 612
therefore reduces to setting alternate samples to zero and inverting one other sample 1n
four. It reduces required computation significantly. Digital processing in this way 1s

superior to analogue for the usual reasons of time invariance, alignment etc. It 1s

expressed by:
- 3
I1p = A cosw,tcosw,t = —é~(cos(a)1 + @) +cos(w, — @,)t))
| 4, | "
Olp= A4, cosw, IS, = —2-—(sm(a)l +w, )t —sin(w, —a)z)t))

I2p= A, cos(w,t +@)cosm,t = —gz-(cos((a)] +&)2)t + @)+ cos((@, —@,)t + go)) (5)
4, (sin((a)1 +@, )t + qo) — sin((a)1 -, )+ go)) (6)

O2p = A, cos(w,t +@)Sma,t = >

The four component streams I1p, Qlp, I2p and Q2p are high-pass filtered at 624 or 626

with a cut-off frequency of 17 kHz: this removes lower frequency components involving

@, — ., , and produces filtered component streams 11, Q1, I2 and Q2 respectively:

1= %cos(a)l + @, )t (7)
Q1 = --j—i—‘---sin(a)1 + @, )t (8)
2 = 4, (9)
= 7005((601 +w, )t +¢))
— 4, . (10)
Q2 = —2--sm((coI +,)t+ )

These filtered data streams are mixed in pairs 11/12, Q1/12, Q1/Q2 and 11/Q2 at 640 or
642 producing mixed data streams I1.12, Q1.12, Q1.0Q2 and I1.Q2.
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I11.12 = 44, cos(w, + a)z)tCOS((CO] + @, ) + @)

4

= A18A2 (cos(Z(a)l +w, )t + (o) + COS qo)
0112 = Af’ sin(@, + @, )t cos((@, + @,)t + @)

— A‘8AQ (sim(Z(a)1 +w, )t + go) + Sin (p)
01l Q2 = A‘4A‘°' sin(@, + w, )t sin((a)1 +w, )t + gp) '

= 4]8142 (cosgp —cos(2(@, + @)t + go))
11.02 = A’4A‘°' cos(w, + @, )t sin((a)1 +w, )t + go)

_A44

- (sin(Z(a)1 + @, )t + go) — sIn go)

PCT/GB00/00607

(11)

(12)

(13)

(14)

The mixed data streams 11.12 and Q1.Q2 are summed at 650a producing a summed data

stream (I1.12 + Q1.Q2), which is converted at 658a into RS232 format to become an

output K1. Similarly, the other mixed data streams Q1.I2 and 11.Q2 are summed at

650a after inversion of the latter at 654, ie effectively subtracting one from the other,

and this produces a second summed data stream (Q1.12 - 11.Q2) converted at 658b nto

RS232 format to become the output K2; 1e:-

Kl=1I1.12+ 0102

— ’.41‘42 (cos(Z(a)l +m, )t + go) + COS@ + COSQ — cos(2(co1 + @, )t + (0))

8
_ A4, cosp
4

K2=0112-11.02

= 44, (sin(Z(a)1 +w, )t + (0) + SN @ — Sin(z(ml +@,)t + ¢) +sin (0)

3
_ A4 sme
4

(15)

(16)
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The operations of mixing at 640/642 and summing at 650 implements multiplication of
the contents of channel a in Figure 6 by the complex conjugate of channel b’s contents,
giving outputs from which the required phase difference can be obtained. This process
corresponds to coherent mixing or multiplication of a signal from one antenna 30 by the

complex conjugate of a signal from another, ie 32 or 34, the coherence being effectively

encoded as a complex output of the multiplication.

As alternatives to the circuit 500 approach, fast Fourier transforms or Hilbert transforms
are possible options but would either be inefficient or would produce non-perfect I'Q
balance with phase offsets with transmitter frequency drift. The circuit 50 produces the
desired output using cheap, small, easily available components and lends itself to ease

of calibration as will be described later. It also enables results to be obtamned very

rapidly.

Phasing signals K1 and K2 incorporating phase sample information are clocked from
the circuit 500 to the computer 60 in response to its internal clock (not shown)
controlling analogue to digital conversion at 600. They are asynchronous with position
data from the navigation system 50 and need to be associated with an appropriate
vehicle position at which their corresponding antenna output signals were obtained. To
do this a timing mark signal is fed from the GPS system to the circuit 500 for onward
transmission to the computer 60 and marking the timing of successive K1/K2 values.
An individual timing mark is synchronous to the time a respective position calculation

is made in the GPS unit. The GPS system gives position every 0.2 second: to improve

this position/time resolution, interpolation is used to associate K1/K2 values with
appropriate vehicle positions intermediate successive GPS positions where necessary.
K1/K2 timing in each case is compared with GPS position timing and K1/K2 position 1s
adjusted reflect the occurrence of the former between two of the latter. The computer

60 stores data in chronological order on disk for the whole of the vehicle path and

subsequently processes it to yield transmitter position as will be described.
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The computer 60 derives the phase difference ¢ between the two signals J1 and J2 from

the ratio of Equation (10) to Equation (9) and the product of their magnitude from the

square root of the sum of the latters’ squares, 1€:

[ cir rm )
go:tan'*[-[g) = tan™| —— (17)
K1 \ COSQ/

M=\/[;{'12 -{:KZE] -—-[é‘;lAzj\/(sinz (;-i— cos’ 60) = Alfz

(18)

The computer 60 calculates the phase ditference ¢ between signals Chl and Ch2 for
vertically separated antennas 30 and 32, and that between signals Chl and Ch3 for
horizontally separated antennas 30 and 34: these correspond respectively to transmitter
elevation (z axis position) and azimuth (xy plane position) relative to the vehicle 20.
The computer 60 stores each successive system or vehicle position and two respective

phase measurements. It is not in fact essential to evaluate Equation (18) for M, it being

possible to use the phase difference ¢ only to locate a transmitter as will be described

later. Use of M 1n addition can improve accuracy.

The navigation unit 50 and the GPS base station 160 operate together to provide a GPS
positional reference for the vehicle 20 with better than 1 m absolute accuracy on the
earth's surface, much superior to 30 m accuracy obtainable from GPS navigation

satellites. The position of the base station 160 is a fixed reference point and the

transmitter 210 is located relative to it.

Referring now to Figure 7, the vehicle 20 is shown searching a cubic volume 710 of side
length 100 m and defined with reference to X, y and z Cartesian axes 712, 714 and 716
respectively. The volume 710 consists of 10° cubic cells such as 720a and 720b each of
side length 1m. To permit illustration, many cells are omitted and their positions are
indicated by chain lines such as 722. Each cell is represented by Cy, 1, ] and k having

values 1 to 100 and indicating cell position relative to axes 712 to 716. The vehicle 20
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passes along a path 730 through a sequence of locations P1 to P4 at each of which

measurements are made, ie Pq with g =1 to 4.

To locate the transmitter 210 in the volume 710, as will be described later in more
detail, the computer 60 calculates differentials between phase differences of received
antenna signals Chl to Ch3 and expected phase differences calculated for tral positions
of a transmitter; an expected phase difference in elevation for a hypothetical transmitter
located in a cell Cy, is represented by AB, pg iik> and A, pq.iix 1S the equivalent 1n azimuth.
The transmitter 210 has a high probability of being within a cell Cy; if expected phase
differences AO.pq ik and A9, pg i repeatedly give a good match to corresponding

measured phase differences A6, p, and A6, p, at successive vehicle positions P1 etc.

At each vehicle position, the computer 60 calculates a phase difference which would be
expected for signals received at the system 10 from a transmitter in a cell Cy, as follows.
In Figure 7, L1, L2 and L3 are distances from a cell 720b to respective antennas 30, 32

and 34, and have integral and fractional wavelength parts given by:

L1=(n, + &,)A (19)
112 =(n, +38,)A (20)
L3 =(n, +38;)A (21)

where ) is transmitter signal radiation wavelength, n;, n, and n; are integers and 9,, 0,

and &, are fractions.

Elevation phase difference A8, p,;; 1s calculated by the computer 60 by subtracting

Equation (19) from Equation (20) to obtain path difference and multiplying by 27/A,
ie: AB,pgiik = 27(0; - 01) (22)

Azimuthal phase difference A8, is calculated similarly from Equations (19) and (21),
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i€ Aea,pq’ijk — 27[(63 = 6]) (23)

The positions of the base station 160 and of the vehicle 20 relative to it are known, and
the absolute positions of cells in the volume 710 are known, so the computer 60

calculates L1, L2 and L3 by geometry and from them expected phase difterences.

In exponential form, operations performed in the DSP 230 on the signals Chl, Ch2, Ch3

are as follows:

Chl(t).Ch2'(t) = B,B,e’""*" (24)
Chi(t).Ch3'(t) = B, B,e’* """ (25)
Where:

Chi(t) = B,e’™ (26)
Ch2(t) = B,e’ 2% (27)
Ch3(t) = B,e’ "% (28)

B,, B, and B, are signal amplitude coetficients, * denotes a complex conjugate and other
terms have their conventional meanings. Multiplication of Chl by the complex

conjugate of Ch2 and Ch3 in Equations (29) and (30) respectively in the DSP 230
results in removal of the time dependent ax term leaving the measured elevation and

azimuthal phase differences A8, p, and A6, p, as required.

The navigation unit 50 provides the computer 60 with locations Dy, etc for successive
positions P1, P2 etc. At each position, the computer 60 records all relevant data, 1e
location Dp,, measured phase differences AB.p, and AB,p,, and expected phase
differences A6, pg i and A, pq ik calculated for all possible transmitter locations in the
search volume 710: after the system has completed its movement along the trajectory

730, the computer 60 analyses this data by investigating the degree of correlation
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between expected and measured phase differences to find a best match indicating a cell
containing a transmitter. In the expressions for Chl(t).Ch2*(t) and ChlI(t).Ch3*(t)
above, B,B, and B,B; (M in Equation (18)) are arbitrarily set to unity for convenience;
ie this amplitude information is not used in the present example to reduce computation,
although it would improve accuracy and would be used if this were required. The
JAB

: e Aga . . .
computer 60 produces expressions e” " and e” “" representing signal products in

complex number or circular function form based on the measured phase differences

AB.p, and A, p, for locations Dp,; etc. It repeats this for expected phase differences

jAge.Pg ik jaga.!’q ’Uk

AB, pg ik and AD, p ;i to give expected signal products e and e
To correlate expected and measured phase differences, the computer 60 generates
elevation and azimuth match coefficients Nepg ; and Nap, ;;, for each of the cells Cj;y;

the match coefficients are produced in each case by multiplying together the two

respective signal products obtained from measured and expected phase differences, 1e:

JB8e.pg ;= JAOepgoik _ J(A0e.pg=A0c,pg UK) ' (29)

e.Pg e

Nepq’ijk N

_jAga,Pq’iik - ej(Agd;P‘?wAea'Pq’ijk) (30)

Unlike the prior art of US 5,835,060, 2n discontinuities 1n phase angle do not give
serious difficulty in Equations (29) and (30) because the exponents therein are circular
functions: ie a small error which alters a phase difference from nearly 27 to just above

zero remains a small error with only a small effect on the exponent.

In order to locate a transmitter, one could seek a maximum value in either Nep ;, or
Nap, ;i at a single system position providing data for one elevation dimension or two
azimuth dimensions respectively. However, greater accuracy is obtained by combining
data: to implement this, for each cell C;, the elevation match coefficients Nepg ;i for all

Q system positions (ie P1 to P4) are summed to provide a trajectory elevation match

coefficient Me;,, and likewise azimuth equivalents Napg j; and Ma;;,, 1¢€:
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¢
Me{;’k = Z Nqu,zjk (31)

g=1

¢

Ma;, = Z Nap, (32)

g=1

Me;; and Ma;;, each contain measured and expected transmitter phase histories i the
form of exponents of differentials between corresponding phase difterences. Here again
one could seek a maximum value in either Me;, or Ma;;, in order to locate a transmitter,
but greater accuracy may be obtained by combining them: to implement this, their

moduli or magnitudes are multiplied together for each cell to give an overall match

indicator Vyy,, 1€:

Vi = Mey, | May, (33)

ijk

The transmitter position is within a cell C;; associated with a match indicator Vj; of
greatest value. This is a single pass determination: 1e there is no necessity for the
construction of Vy;, to be followed by iterative least squares fitting. V;; could possibly

be constructed from the complex values of Me;, and May;, instead of their moduli, but

the result may be undesirably sensitive to small errors in phase.

Me;;, or Ma;;; may be employed to calibrate the system 10. Each is a complex number,
but should have a zero value of its imaginary part (zero phase) when its magnitude 1s a
maximum: this is because the Nep, ;i and Napg ;5 values they contain will all have zero
exponents;, ie measured and expected phase differences will be equal and thelr
differentials zero ignoring noise and minor inaccuracy in transmitter position off-centre
of a cell. If Me;;, or Ma;, does not 1n fact have zero phase at maximum magnitude., 1t
indicates that the system 10 has introduced a phase error due to unequal antenna cable
lengths, unmatched receiver chains etc: if so the phase difference error at the maximum
of one of these quantities may be measured and removed from later phase measurements

by the computer in a calibration operation. Such a calibration 1s likely to remain vahd
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for a substantial length of time, because each pair of antennas and associated processing
circuitry are in the same environment: any drift is likely to be common to both antennas

and therefore to cancel out.

It is possible to modify the approach illustrated in Figure 7 using multiple values of
resolution, ie firstly a coarse resolution search to localise the transmaitter to a region of a
few cells or a large cell of say 3 m side length, followed by one or more finer resolution
searches to increase accuracy. This reduces the number of computer calculations
required. It is also possible to use super resolution as described in US Pat No 4,963,877

to resolve multiple sources of signals which are too close together to be resolved

according to the Rayleigh criterion.

The system 10 evaluates all possible target positions within a search volume to a
prearranged resolution by comparing the phase history of received antenna signals with
an expected transmitter phase history obtained by calculation. This reduces the
possibility of false alarms because a whole environment is assessed. Multiple targets if

any may become apparent, if necessary using super resolution as aforesaid. An

automated search may be used.

Referring now to Figure 8, there is shown a two-dimensional plot 800 of the variation 1n
trajectory azimuth match coefficient May;, referred to above, ie transmitter location
indicator in azimuth over one layer of cells (cells having the same value of ) index or'y
axis position and different values for ik index pairs). Graphs 810 and 820 indicate

variation in location probability along two orthogonal reference lines 830 and 840

within the plot 800.

The plot 800 has bright and dark fringes associated respectively with greater and lesser
probabilities of finding the transmitter 210 in corresponding cells. Graphs 810 and 820

have generally central peaks 850 and 860 respectively defining a probability maximum

and indicating a transmitter location.
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Figure 9 displays graphs 900 to 908 ot standard deviation (sd) in position estimates as a
function of signal to noise ratio for a prior art location system of US Pat No 5,835,060
and for the present invention (referred to as “SABLE”). The graphs have Jlogarithmic
axes, and were obtained from like computer simulations of the prior art and the
invention. The simulations involved two antennas separated by a distance L of 4 m, the
wavelength was 0.3 m (1 GHz) and the aperture (distance moved by the system 10) was
10 m, ie + 5 m with respect to a central position which is broadside on to a transmitter to
be located; the transmitter was at a range of 10 m from the locating system 1in each case,
and 1,000 measurements were made, ie one per cm of distance moved by the system 10.
At 910 a key is given to the graphs 900 to 908: here “along track™ refers to measurement
position errors in a dimension parallel to the location system movement direction, and
“range” is the equivalent for errors in a dimension orthogonal to this generally towards
the transmitter to be located. “Phase” in parenthesis indicates that the peak 850/860 1n
the trajectory azimuth match coefficient Ma;;, 800 (transmitter location probability) was
obtained by determining where the phase of this function went through zero; “Mod” 1n
parenthesis indicates that this peak was obtained by determining the position of the
maximum of the modulus of Ma;;. Graphs 900 and 902 show range and along track

results for the prior art and graphs 904 to 908 those for the present invention.

Graphs 904 and 908 are both standard deviation along track but determined from
modulus and phase respectively, the latter being superior because it has the lower
deviation. Graph 906 is in fact two coincident graphs superimposed on one another, 1€
the graphs of standard deviation in range determined from modulus and phase
respectively; this is indicated by points such as 912 each comprising “x” (Mod)
overwritten by “+” (Phase). The fact that these two graphs are 1dentical indicates there 1s

no accuracy advantage in choosing either phase or modulus to determine location.

The graphs 900 to 908 show that the prior art measurement uncertainty or standard
deviation (sd) is considerably worse (larger) than that of the invention for all values of

signal to noise. Moreover, prior art graphs 900 and 902 are actually optimistic, because
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they level off at a region 914 simply because the computer simulation used a finite
search volume which limited the maximum uncertainty irrespective of signal to noise
ratio. Even with this levelling off, the maximum prior art error is over 40% whereas that
for the invention is 1%. Although these absolute values should be treated with caution

because they are simulated, it is correct to infer that the invention exhibits markedly

better accuracy (lower uncertainty) than the prior art.

Although the system 10 has been described as incorporating patch antennas for

simplicity and cheapness, any other antenna or indeed receiving waveguide can be used

provided signal phase at reception can be determined from it.

In a dense urban environment a transmitter signal may undergo reflections before
reception, and measured phases derived the system 10 may be unrehable. This 1s a well
known multipath problem. The system 10 should therefore sample radiation from the
transmitter 210 frequently from a variety of different directions In order to collect a
large enough sample of data to resolve uncertainty. Sampling a transmitter signal from

many different directions tends to reduce problems with multipath effects and to

improve location reliability.

The system 10 may incorporate inertial navigation sensors such as gyroscopes and
accelerometers for monitoring instantaneous orientation and position of the vehicle 20
in combination with a GPS reference provided by the base station 160 and the GPS
receiver in the navigation unit 50. This provides an advantage that the system 10 can

counteract inaccuracies in measured phases differences A8, p, and A9, p,.

A simplified version of the system 10 would use only two antennas 30, 34 and would be
largely limited to locating a transmitter in a two-dimensional field, ie cells Cy with a
single j index value or y axis position. This requires less computation. However, even

with two antennas, with appropriate platform motion, it is possible to obtain location

information in all three spatial dimensions.
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The system 10 may be adapted to search a larger more remote volume. It may be
mounted in an aircraft for searching for transmitters in an underlying scene.
Alternatively, it might search a smaller nearby volume such as a building. It may also be
adapted for operation in sonar by replacing the antennas 30 to 34 with sonar transducers
and arranging for the transmitter 210 and the signal processing unit 40 to operate at a

sonar frequency such as 20 kHz. It might be mounted on a satellite for locating

transmitters of unknown origin.
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CLAIMS
1. A sensor system for transmitter location incorporating;:
a) two receiver elements (30, 34) responsive to incident radiation by

generation of respective signals,

b) a processing system (40) for determining phase difference data for pairs

of element signals,

C) means (50) for measuring sensor system position in terms of position
data;
d) computer apparatus (60) for determining transmitter position from

phase difference data measured from processed element signals and
calculated from trial transmitter locations,
characterised in that the computer apparatus (60) is arranged to locate
transmitters from magnitude or phase of circular functions of differentials

between measured and calculated phase difference data.

2. A sensor system according to Claim 1 characterised in that the processing
system (40) is arranged to process a pair of element signals or a pair of
frequency downconverted signals equivalent thereto by multiplying one signal

of each pair in either case by a complex conjugate of the other to enable their

phase difference to be measured.

3. A sensor system according to Claim 2 characterised in that the processing
system (40) is arranged to determine phase difference by:
a) mixing each signal of a pair with sine and cosine reference signals to
determine in-phase and quadrature components,
b) multiplying each component of one signal by both components of the
other to produce an in-phase component product, a quadrature

component product and two products of in-phase and quadrature

components,
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C) adding the in-phase component product to the quadrature component

product, and

d) subtracting one product of in-phase and quadrature components from
the other.
4. A sensor system according to Claim 3 characterised in that the processing

system (40) is arranged to digitise signals at a sampling rate prior to mixing
with reference signals, the reference signals have a frequency of one quarter of

the sampling rate, and mixing 1s implemented by multiplication of alternate

samples by 0 and one other sample 1n four by -1.

5. A sensor system according to Claim 1 characterised in that the circular

functions are complex exponents.

6. A sensor system according to Claim 5 characterised in that the computer
apparatus (60) is arranged to determine actual transmitter location by summing

exponents over a range of system positions and to indicate transmitter location

from the magnitude or phase of this summation.

7. A sensor system according to Claim 5 characterised in that the computer
apparatus (60) is arranged to determine actual transmitter location by producing

summations of exponents over a range of system positions, to multiply the

summations together to form a product and to indicate transmitter location as

that corresponding to a predetermined magnitude or phase of this product.

8. A sensor system according to Claim 1 characterised in that the measuring
means comprises a GPS base station (160) and co-located with the receiver

elements a GPS subsidiary station (50) for co-operation with the base station

(160) and provision of position data.

9. A sensor system according to Claim 8 characterised 1n that:

a) it is movable relative to a transmitter (210) to be located,



CA 02363720 2001-08-14
WO 00/52494 PCT/GB00/00607

25

b) the base and subsidiary GPS stations (50, 160) are arranged to provide

position data,
C) the computer apparatus (60) is arranged to subtract calculated phase

differences from those of processed element signals for a series of

sensor system positions.

10. A sensor system according to Claim 1 characterised in that the measuring

means (50) is arranged to implement inertial navigation.

11. A sensor system according to Claim 1 characterised 1n that 1t incorporates at
least three receiver elements (30, 32, 34) disposed to define a plurality of

measurement dimensions in which to locate a transmitter (210).

12. A system according to Claim 1 characterised in that the receiver elements are

patch antennas (30, 32, 34).

13. A method of locating a transmitter having the steps of:
a) providing two receiver elements (30, 34) responsive to incident

radiation by generation of respective signals,

b) determining phase difference data for pairs of element signals,
C) measuring Sensor system position in terms of position data;
d) determining transmitter position from phase difference data measured

from processed element signals and calculated from trial transmitter

locations,

characterised in that transmitter position is determined from magnitude or

phase of at least one circular function of a differential between measured and

calculated phase difference data.

14. A method according to Claim 13 characterised in that determining phase
difference data for pairs of element signals is carried out by multiplying one

signal of each pair in either case by a complex conjugate of the other to enable

their phase difference to be measured.
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A method according to Claim 14 characterised in that determining phase

difference data 1s carried out by:

a) mixing each signal of a pair with sine and cosine reference signals to

determine in-phase and quadrature components,
b) multiplying each component of one signal by both components of the
other to produce an in-phase component product, a quadrature

component product and two products of in-phase and quadrature

components,

C) adding the in-phase component product to the quadrature component

product, and

d) subtracting one product of in-phase and quadrature components from

the other.

A method according to Claim 15 characterised in that signals are digitised
during processing at a sampling rate prior to mixing with reference signals, the
reference signals have a frequency of one quarter of the sampling rate, and

mixing is implemented by multiplication of alternate samples by 0 and one

other sample in four by -1.

A method according to Claim 13 characterised in that calculated phase
differences are produced for a plurality of possible transmitter locations and

actual transmitter location is determined from correlation between calculated

and measured phase differences.

A method according to Claim 13 characterised in that the at least one circular

function is at least one complex exponent.

A method according to Claim 18 characterised in that the at least one complex
exponent is a plurality of complex exponents, actual transmitter location 1s
determined by producing a summation of exponents over a range of system
positions and indicating transmitter location to be that corresponding to a

predetermined magnitude or phase of this summation.
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A method according to Claim 18 characterised in that the at least one complex
exponent is a plurality of complex exponents, actual transmitter location is
determined by producing a plurality of summations of exponents over a range
of system positions and corresponding to respective dimensions of transmitter
location, multiplying the summations together to form a product and indicating

transmitter location to be that corresponding to a predetermined magnitude or

phase of this product.

A method according to Claim 13 characterised in that position data is provided
by means of a GPS base station (160) co-operating with a GPS subsidiary

station (50) co-located with the receiver elements.

A method according to Claim 20 characterised 1n that:

a) the receiver elements (30, 32, 34) are movable relative to a transmitter
(210) to be located,

b) position data are provided by base and subsidiary GPS stations (50,
160),

C) calculated phase differences are subtracted from those of processed

' * 4 .
element signals for a series of sensor system positions.

A method according to Claim 13 characterised in that position data are

obtained using inertial navigation.

A method according to Claim 13 characterised in that it employs at least three

receiver elements (30, 32, 34) disposed to define a plurality of measurement

dimensions in which to locate a transmitter (210).

A method according to Claim 13 characterised in that the recetver elements

(30, 32, 34) are patch antennas.
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