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FIG. 2
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Stage 1
Calculation of the TDOA

39 Depending on the expected range, the following
I procedures operate on either the outer or inner arrays
of sensors, except for the beamforming.

Y
40 Measure phase differences at a range of hop
] frequencies and do a simple unwrap versus frequency
to provide (Adjo)m
Y
40 Use all the (Adjp)m for the inner array in the
N\ beamforming to obtain the two angles as averages of
estimates at each hop frequency.

v

44~ Calculate the far field phase differences Aq),-I;Ffor the 6
pairs of sensors in the outer array

Y
Expressions such as -
J (Adjo)m + 2nN;j- Adjg
9] at each hop frequency are minimized to obtain the 6
values of the non integer values of the multipliers, N;.

This is done for the sets of (Adjg)m pertaining to inner
and outer arrays separately

v

46~ Use several stages of a strategy to convert the Nj to
integer values Nj5 (see later)

Y
48~ Form the unwrapped phase difference
Adjp = (Adjg)m + 2nlj5
1

Obtain the slope (ie TDOA) of the least squares linear
90~ fit to each of the Adjg versus hop frequency, forced to

pass through (0,0). This gives the values of d,'N F

Y
The TDOA must always be greater than the far field
52~ delay. If this is not so, then the TDOA is changed by
the equivalent of a 2m error in Adjg at the highest
frequency

FlG. 3 éD
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Stage 2
Use of TDOA to calculate range
Find the constant term (intercept I) of a least squares

AN . NF FF
second order fit to the 6 values of dj ~ versus dj

Y
Calculate range
re

_re 1
f= T

56~

Stage 3
Use of TDOA to calculate X and Y

58~

\

Use equation 45 with the d,'NFto extract X and Y

Stage 4
Calculate 7

\

60~ Use R, X and Y to calculate Z using Equation 37

Details of unwrapping

Conversion of the Nj to integer
values N;

\

Find the operation (OP) to convert Nj to Nj3 such as
fix, round, floor, ceil which results in smallest value of

FF
62~ (Abjo)m + 2n{OP(N;)} - Adjp

The chosen value, at this stage, is termed Nj3 which,
due to multipaths, may not always be constant with
frequency for a given sensor pair

Correct as necessary the
values of NF3 ,

If the value of Adjq () differs by more than n from the
average of Adjo(f) over frequency then Ni3(f) is
64~ updated to Njg(f) by adding/subtracting 1 as
appropriate to Ni3(f). This process is taken through 2
cycles to end up with Njs(f) which should now be
independent of frequency.

FIG. 3
(Cont'd)
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SHORT BASELINE HELICOPTER
POSITIONING RADAR FOR LOW
VISIBILITY USING COMBINED PHASED
ARRAY AND PHASE DIFFERENCE ARRAY
RECEIVERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

U.S. patent application Ser. No. 12/768,793, filed on 28
Apr. 2010 and commonly owned with the present invention
contains subject matter related to the subject matter of the
present invention.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable.

BACKGROUND

The invention relates generally to the field of rotating wing
aircraft (e.g. helicopter) position and orientation determina-
tion using radar. More specifically, the invention relates to
devices and methods applied to enhance safety of helicopter
landing under brownout (sand and/or dust) or whiteout (snow
and/or fog) conditions created by the aircraft’s main-rotor
down-wash, under which near-ground flight is particularly
perilous due to the sudden loss of visual cues on which the
pilot depends.

United States Defense Advanced Research Projects
Agency (DARPA) Broad Agency Announcement No. BAA
06-45 requests solicitations for proposals to deal with afford-
able solutions to the problem of helicopter landing in brown-
out as well as other degraded visual environments (DVEs)
such as whiteouts caused by snow and/or fog. Solutions are
needed for the brownout phenomenon, which causes deadly
accidents during helicopter landing and take-off operations in
arid desert terrain. Intense, blinding dust clouds, which may
be stirred up by the aircraft’s main-rotor down-wash during
near-ground flight can cause helicopter pilots to suddenly
lose all visual cues. This creates significant flight safety risks
from aircraft and ground obstacle collisions, rollover due to
sloped and uneven terrain, etc.

What is needed is a sensor/visualization-display system
that will eftectively provide an affordable, landing capability
in brownout/DVE conditions where the visibility is tempo-
rarily as low as zero with zero landing-zone infrastructure and
limited knowledge of the terrain comprising the landing area.
The invention may also be permanently deployed as an inte-
gral safety feature for landing areas experiencing frequent
degradation of visibility such as offshore oil rigs (e.g. fog),
desert installations (e.g. sand and dust) and Arctic/Antarctic
installations (e.g. snow).

SUMMARY OF THE INVENTION

A helicopter position location system according to one
aspect of the invention includes a receiver located substan-
tially in a center of an array of receivers. A first array of
receivers is located in a selected pattern separated from the
center receiver by a first distance. Selected receivers in the
first array are spaced apart from each other by at most one half
wavelength of a base frequency of a locator signal transmitted
from a helicopter. A second array of receivers is located in a
selected pattern by a second distance larger than the first
distance. A transmitter on the helicopter transmits a signal
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having a base frequency and a plurality of hop frequencies A
processor in signal communication with the receivers is con-
figured to determine phase difference with respect to fre-
quency between any pair of receivers, to determine time delay
of arrival based on the phase difference with respect to fre-
quency, to beam steer response of the selected receivers, and
to use the beam steered response and time delay of arrival
between pairs of receivers to determine a position of the
helicopter.

Other aspects and advantages of the invention will be
apparent from the description and claims which follow.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an example layout of a ground based combined
receiver array.

FIG. 2 shows an example helicopter with an ISM band
transmitter and the receive array of FIG. 1 to illustrate an
example embodiment of helicopter position determination
according to the invention.

FIG. 3 is a flow chart of a method of operating the system
of FIG. 1 to determine helicopter position.

DETAILED DESCRIPTION

FIG. 1 shows a top down view of one possible manifesta-
tion of a hybrid phase difference/phased array. The hybrid
array 10 may be disposed on a mat or pad 12, or may have
individual components mounted in the ground. The hybrid
array 10 may include one central reference receiver 14; an
inner phased array (PA) 16 for determining direction of arriv-
als. The inner phased 16 array may include 24 receivers 16 A
spaced at about 2 A between them, on a radius of 2A (25 cm
at 2.4 GHz ISM frequency). The hybrid array 10 may include
an outer phase difference array 18 (PDA) for long range
position determination. In the present example, the outer
phase difference array 18 may include six receivers 18A
positioned on a radius 10A (125 cm at 2.4 GHz) from the
central reference receiver 14. The hybrid array may also
include an inner phased array (PA) for short range position
determination. The inner PA 16 may include six receivers 20
interspaced between the receivers 16 used for close proximity
positioning. A computer or dedicated processor and transmit-
ter 40 may calculate the helicopter position and transmit the
position information to a helicopter (H in FIG. 2) so that the
pilot can determine his position with respect to the combined
array 10 for safe landing.

In the present invention it is proposed to transmit from the
helicopter a frequency hopping signal. If the phase difference
between two points on the ground is measured as a function of
the hop frequency then its slope is essentially the difference in
arrival time at the two points.

FIG. 2 shows an example helicopter H approaching the
combined array 10. Elevation of the helicopter H from the
ground level is shown at E, and the horizontal distance of the
helicopter H from the center receiver 14 in the combined array
is shown at D. The helicopter H may include a transmitter T
located on a convenient part of the helicopter H body. In the
present example, the transmitter T is located on the nose of the
helicopter H, but such location is not a limitation on the scope
of'the invention. It is only necessary to know the relationship
between the position of the transmitter T and the location of
the landing pads L on the helicopter H to use the invention. It
will be appreciated that the helicopter H is typically equipped
with pitch, roll and yaw sensors so that when landing, the
landing pads will be suitably level with respect to the com-
bined array. A line of sight distance S is shown between the
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transmitter T and the center receiver 14 on the array. Such
distance may be calculated in some examples to determine the
range of the helicopter H from the center receiver 14 in the
array to assist the pilot in determining position with respect to
the array.

The following description is in terms of Cartesian coordi-
nates (X,Y,Z) however it should be clearly understood that
other coordinate systems may be used to equal effect, e.g.,
polar or cylindrical coordinates.

In the present invention, the transmitter T may emit a base
signal, for example in the ISM band (2.4 GHz) and a plurality
of signals including “hop” frequencies so that a relationship
between frequency and phase may be determined for selected
ones of the receivers (e.g., 14, 20 and 18A in FIG. 1). The
phase difference between the received signal at each such
receiver and the center receiver 14 may be determined at a
plurality of hop frequencies. The relationship between phase
difference and hop frequency may be used to determined time
difference of arrival (TDOA) between the center receiver and
any one or more of the selected receivers (e.g., 14,20 and 18A
in FIG. 1). Given that the TDOA within the combined array is
available then in principle this information can provide the
position of the helicopter H with respect to the center receiver
14 in the combined array 10.

The extraction of the helicopter position from the time
TDOA is available in principle from what are termed the
multilateration equations. Usually the form of the multilat-
eration equations requires that the receivers are not all copla-
nar with the ground surface. However, it can be shown that
even if the receivers are coplanar then multilateration equa-
tions can provide at least the x, y position, and a slant range
from which X,Y,Z may all be obtained. It is shown that the
extraction of slant range from the multilateration equation
may be much more sensitive to errors in the delays than the
method proposed here and used thus far termed the intercept
method.

The present position extraction process may be performed
in the presence of multipath arrivals and inherent phase noise.

As previously stated location of the transmitter (T in FIG.
1) with respect to the central receiver (14 in FIG. 1) can be
viewed as either the determination of Cartesian coordinates
X,Y,Z or equivalently as the determination of, for example,
O¢R, i.e., two angles and the range (S in FIG. 2). In the present
example determination of the two angles precedes the deter-
mination of R, x, y and hence z.

Given a spatially diverse array of receivers as shown in
FIG. 1, the phase of the received signal at a particular fre-
quency at each receiver may be combined to form a beam. By
applying suitable phase shift to the output of each receiver the
beam may be steered. If the spacing between receivers is not
greater than a half wavelength at the chosen frequency then a
beam with a single maximum is formed whose steer direction
provides both 6 and ¢. If the spacing between receivers is
greater than a half wavelength, then secondary beams or
“diffraction secondaries” are formed and the correct values of
0 and ¢ are no longer unambiguously determinable.

If the spatial extent of the array of receivers is sufficiently
large in terms of the range to the transmitter T, then the angles
to the transmitter T from different origins within the com-
bined array 10 can be obtained by the beam steering technique
and the range can then be determined for a sufficiently large
radius array.

For this beamforming/steering approach to be possible, the
requirement for inter-receiver spacing to be not greater than a
half wavelength requires are large number of receivers. In
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such a case there may be 130 receivers around the circumfer-
ence of a circle of radius 10 wavelengths in order to perform
the beamforming/steering.

The proposed example implementation, described below,
however, requires only a minimum of 32 sensors. Two circu-
lar arrays of receivers may be used as shown in FIG. 1. The
outer circle of receivers has a radius of 10 wavelengths and
has 6 sensors around its circumference. The inner circle of
receivers 16 has a radius of 2 wavelengths and has approxi-
mately 25 to 30 receivers around its circumference. A central
reference sensor 14 is also part of the combined receiver
array. Inthe present example, the reduced number of receivers
is an important factor in the cost, in terms of both financial
cost of the combined array and the required operating and
computing power needed to make helicopter position deter-
mination

Making full use of the frequency hopping signals allows
such relatively sparse arrays to be used. As explained above,
phase difference measurements between one receiver and the
others in relation to the frequency of the received signals
allows the TDOA between any two receivers to be obtained.

Inprinciple, the three values of X,Y,Z can be obtained from
three independent determinations of TDOA between pairs of
receivers. However in practice, noise and the presence of
multipath signal travel (e.g., from reflections from objects in
the transmitter signal path) require more than three spatially
decorrelated measurements.

The extraction of the TDOA from phase difference mea-
surements with frequency presents a basic problem. Phase
difference measurements can in practice only be made in the
interval 0 to 2z. The slope of this measured phase difference
with respect to frequency will give the TDOA. However, in
practice, multipath arrivals in addition to the direct signal are
present and thus complicate the relation of phase difference
with respect to frequency

These multipath signals are those that leave the transmitter
(T in FIG. 2) on the helicopter (H in FIG. 2) at the same time
as the direct arrival signals are detected at each receiver but
have traveled via scatter from nearby objects and from the
ground via the helicopter H and arrive later in time and with
different amplitudes and phases compared to the direct arrival
signals.

Multipath arrivals result in departures of the measured
phase difference from its otherwise linear relation with fre-
quency. A best fit slope of the measured phase difference
versus frequency in a multipath environment may result in
unacceptable TDOA errors.

However, itis known that the phase difference of a signal at
zero frequency must be zero. Leveraging of the zero fre-
quency point allows a best fit slope of phase difference with
respect to frequency to provide the TDOA to within accept-
able accuracies even in the presence of multipath arrivals.

In order to take advantage of the leverage the measured
phase differences must also be unwrapped, because the mea-
surable phase limit is limited to 2. This requires finding the
correct multiple of 27 to be added/subtracted to the measured
phase difference values in order to determine the correct
phase difference.

The phase unwrapping process is based on the differences
between the measured phase difference and the theoretical
phase difference of a transmitter in the far field being signifi-
cantly less than 2.

In order to estimate the far field phase differences, only the
angles to the transmitter T are required to be determined.
Although these angles can be extracted from the measured
data via an optimization process, in the presence of multipath
arrivals, the method is prone to errors. However, a number of
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the receivers in the array can be used to directly measure the
angles via beamforming, which is robust in the presence of
multipath arrivals. Direct measurement of angles using beam-
forming may be performed using receivers in the inner array
of receivers 16.

Once the phase differences versus frequency are
unwrapped such that the slope of the line of phase difference
with respect to frequency passes through zero at zero fre-
quency, the TDOA can be obtained with sufficient accuracy to
allow the X and Y coordinates of the transmitter T to be
extracted using the multilateration equations and the range
via a polynomial fit as explained below.

It can be shown that if the slant range to the helicopter H
height is small, incorrect extractions of coordinates occur
which may be corrected by using the phase difference data
obtained using a number of (6) receiver pairs of the 24 receiv-
ers available in the inner array (16 in FIG. 1).

Using two concentric arrays of receivers as shown in FIG.
1 with a central reference sensor 14, the position of a helicop-
ter (H in FIG. 2) can be obtained to an accuracy of less than
one meter at elevations and ranges up to 400 meters. The
TDOA values, as explained above, are obtained by a mea-
surement of phase differences with respect to frequency using
afrequency hopping signal from the transmitter (T in FIG. 2).
The system is not constrained by any particular base trans-
mitter frequency, though in the present example the frequency
hops are 0.5 MHz or less covering a frequency range of 80
MHz to around 2.4 GHz (the ISM band).

The receiver array disposed on the ground is preferably
placed in the vicinity of the center of the landing area of the
helicopter. By way of explanation, the outer ring of receivers
(18 in FIG. 1) contains a number, N, of receivers, which may
be equally spaced around the circumference, so:

a=(i-1)*360/N, o)

and the receiver positions in the outer ring 18 may be
defined by the expression:

x;=r, cos(a;)

@

y/=rsin(a,)

3

where, i=1:N,

The inner ring 16 of receivers contains a number, N,, of
receivers, which may also be equally spaced around the cir-
cumference of the inner ring, so that:

B=(-1)*360/N, 4

The outer ring 18 may contain 6 receivers in the present
example and the receivers thereon are used for the range
determination.

The transmitter T on the helicopter H is at a position
defined by:

X=R cos O sin ¢ (5)

Y=R sin O sin ¢ (6)

Z=Rcos 9 (7
with reference to the central receiver (14 in FIG. 1) The

distance to position (x,, y,) in the combined receiver array

from the transmitter T may be defined by the expression:

R, N X+ Y 4 2) ®)

The foregoing distance determines the phase of the direct
signal reaching any selected receivers based on the receiver
position in the combined array. The amplitude of the direct
signal arriving at all receivers will be taken as equalto A/R ,
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Inthe presence of scattering objects the transmission of the
signal from the transmitter T travels to such scatterer and then
from the scatterer to one or more receivers.

The position of a scatterer may be defined as (x,, v, Z,) and
so the distance from transmitter T to such scatterer may be
defined as

R,V X0+ 20) ©

And the distance from the scatterer to any selected receiver
may be defined as:

L [ (10

The output of any selected receiver i at a given time will be
the linear superposition of all the signal arrivals (both directed
and scattered) at that time.

S1€8 = Syirect + Sscattered b

Sl = 12
Riej(kﬁh#q’) + %eﬂ*@n +HRs) [T el @2t Bp)
hi s Bsi)s

s=LiNg

where s identifies one of N, scatterers, and @, and @, are
random phases. I, is the intensity of the signal arriving via the
multipath helicopter-ground-helicopter-receiver 1 and ts, is
the target strength associated with the scatterer s. ® is the
initial phase at the transmitter T. A is the initial amplitude of
the transmitted signal and will not appear in the phase differ-
ence between arrivals at sensor i and that at the central
receiver 14.

The output of the central receiver 14 may be defined by the
expression:

Soejwo = (13)
A iERygrd) AVESS) gy T pi e iRag)
® e + R e +VIg e
hi hs P50 )5
s=1Ns

Thus the phase difference between the outputs of receiver
iand the central receiver 14 may be defined by the expression:

SieMi
Spedbo

14
Apio = angle( ]

In simulations of operation of the present invention, phase
noise was added with a standard deviation of, for example, 0.1
degrees. Thus the phase difference that is measured and pro-
cessed may be defined by the expression:

1s)

i
o= ! o

where @, is a random number with zero mean and standard
deviation of 0.0017 (0.1 degrees).

I, includes the appropriate bistatic cross section of the
helicopter. This has been modelled in simulations and it has
been shown that the effect of the multiple arrivals via the
helicopter-ground-helicopter-receiver is expected to be neg-
ligible except possibly for highly symmetric situations, which
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for an actual helicopter in service are unlikely. The scatterers,
other than the helicopter, were modelled for the simulations
as a collection of tubes and plates each with their own ts;
distributed to form a control tower structure in the close
vicinity of the landing area.

The signal to reverberation ratio is defined and obtained for
each helicopter position (X, Y, Z) as follows:

(16)

direct intensity
K= 1010g10( )

multipath intensity,

The processing of the measured phase difference versus
frequency uses the following procedure: (1) extract the
angles, (2) unwrap the phase difference versus frequency and
force it through zero at zero frequency to determine its slope,
which provides the TDOA, (3) extract the range, and the X
and Y coordinates, and (4) calculate Z. These stages are
presented below, with any limitations explained herein.

The arrival angle to the transmitter T may be obtained from
the beamforming/steering the phase difference data obtained
from the inner circle of receivers (16 in FIG. 1). The two
angles (direction and angular elevation) thus obtained may be
used to form the expression for the far field upon which the
unwrapping and range extraction are based.

The output of each receiver may be downshifted to an
intermediate frequency w,- where A/D conversions can be
conveniently performed in parallel channels preserving any
phase relations between channels.

If the transmitter angles are 8, ¢ then the output of receiver
iis

Jk(x; cos 8 cos @+, sin 6 cos ¢) 17

where the positions of the receivers are, for the example of
a circular arrangement as shown in FIG. 1, the x and y coor-
dinates may be determined from the expressions:

377, cos(B)

yi=rycos(f;) 18
and
P 2
T

where A is the wavelength at the base frequency of the trans-
mitter T.

As the transmitter changes position 0, ¢ change in the beam
pattern is given by the expression

a9

jwipt jk(x; cosfcosd+ y;sinfcos
B0, ®) ysteered = eIwIF Z ekt Y )

i

- ‘Z itz cosBeosp+y;sinboosd)
i

BO, B peerea = ‘Z el @9

i

In Eq. (20) v, is the phase of the output of the i-th receiver
after its output it has been downshifted, and is not directly
measured but is within the data implicitly. y, can equally be
the phase difference between the receiver i and the central
receiver 14 (or any other reference receiver).
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The beam of the receivers in the inner circle 16 is now
steered to angle 0, ¢, using the expression:

B4, 80 B = |3 Pt sttt 2D
i

The values of 0., ¢, which maximise B(0, ¢, 0., ¢.)sroerows
are the angles of the transmitter T with respect to the com-
bined receiver array (10 in FIG. 1).

In order for the foregoing procedure to work the distances
between receivers in the inner circle 16 must be not greater
than a half wavelength at the base transmitter frequency. For
example if the receivers are arranged along the circumference
of'a circle, the straight line spacing must not be greater than a
half wavelength regardless of the circle radius.

The accuracy of the angles determined from the above
described beamforming is useful for the required phase
unwrapping of the signals detected by the other receivers in
the combined array 10. As the angle ¢ gets larger its estimate
becomes less accurate and such change in accuracy affects the
extraction of the range rather than the phase unwrapping. The
procedure in the present example is to use the beamforming in
phase unwrapping followed by range extraction. Multilatera-
tion equations are then used to determine the X and Y coor-
dinates. The range (S in FIG. 2) and x and y are then used to
obtain Z. The use of range with the angles to directly calculate
X,Y,Z requires more accuracy than is available from the
angles determined from the beamforming

The phase unwrapping has several stages:

For each receiver pair in the combined array: (1) determine
actual, measured phase differences with respect to frequency
using the PDA (18 in FIG. 1); (2) use the (inner) phased array
16 to calculate the direction of arrival of the transmitter T
signal.

From the foregoing determined direction, and the geom-
etry of the PDA 18, a theoretical calculation of the phase
difference of the transmission as if arriving from the far field
may then be performed.

To perform such phase difference calculation, one may use
an optimization routine with measurements at all hop fre-
quencies to find a non-integer multiple of 27t that would bring
the corrected phase difference as close as possible to the far
field phase difference as calculated above.

Using rounding functions, the non-integer multiple of 27
may be converted to the closest integer multiple that corrects
the measured phase difference to find the far field result.

Due to the presence of multiple arrivals, the multiple of 25
needed to unwrap the phase differences may not be com-
pletely independent of frequency, as it would be in the
absence of multiple arrivals. This is recognized and the inte-
ger multiplier is updated via algorithms (replace N,; by N,,
and then N,;) as described in FIG. 3. The TDOA for each
sensor pair may now obtained by a least squares linear fit of
the unwrapped phase difference versus frequency data forced
to pass through zero at zero frequency.

Now the difference between the extracted phase delay and
the far field phase delay is tested. The extracted phase delay
must always be greater than the far field phase delay. If a
difference of incorrect sign of phase delay occurs for a par-
ticular sensor pair then the phase delay is changed by the
equivalent of a 27 error in the unwrapped phase difference at
the highest frequency

Because of statistical errors in the measured phase differ-
ences and the angles there will be consequentially be errors in
the calculated TDOAs. To allow for such errors, it has been
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determined that the measured delay must not only exceed the
far field delay, but exceed it by a determined threshold before
the phase correction occurs. The threshold used in simula-
tions of operation of the present invention was 0.0017 and is
appropriate for slant ranges less than 15 meters. 0.0017 is
equivalent to a phase difference error of about 5 degrees at
2.44 GHz.

The result of this extra stage of effective phase unwrapping
is that for the outer circle of receivers (18 in FIG. 1, 10
wavelength radius, 6 sensor pairs) the correct unwrapping
allows the slant range to be as small as 6 m.

The extra stage of unwrapping appears to make no difter-
ence to the performance of the inner circle of receivers 16
when used for extracting the helicopter coordinates. The use
ofthe inner circle of sensors 16 is limited to a radial distance
of'about 10 m and a helicopter elevation (E in FIG. 2) of about
4 m.

Further unwrapping is possible but it is not sufficiently
robust nor is it necessary, provided the use of the inner array
(circle of receivers) 16 is available. Any such further unwrap-
ping takes the result of the above wherein all the delays are
adjusted so they have a magnitude greater than the corre-
sponding far field delay. It is shown below that the relation
between the actual delay and the far field delay is approxi-
mately equal to:

W (@’ )2 2 22)

(- s+ - )
P Ui Ut g

If the range is extracted from the intercept as described
below, then the ratio of the intercept term to the non-linear
coefficient obtained via the fitting process is given by the
expression:

(1=
—
2R

@23

=)

If the ratio is significantly different from r? which in the
outer receiver circle 18 array is 1.56, then further corrections
to the delays are required. This constancy of the ratio exists
only for slant ranges greater than about 5 m. It can be shown
that adequate provision for these short slant ranges is avail-
able using the inner receiver array (circle) 16.

The near field delay (in m) between a receiver i and the

reference receiver 14 is given by the expression:
df"=R-R (24)
And the far field delay is d,77. Therefore
(R~R)RAR)=2RdFF=—2Xx,-2Yy, (25
So dfF=(x; cos 0 sin ¢+, sin 0 sin ¢) (26)

where x, and y, are the receiver coordinates (in Cartesian
coordinates).

: @
[ ey = -

1+ (1+—

10

A second order polynomial is fitted to the extracted values
of d¥ vs d* and the constant term, o5, which corresponds
to [d/"] 77y is found.

Optimisation of the expression maybe found by:

r2

2
1 1+ —
(14 7)

28

as — =0

R

10

which provides an estimate of R. Note there are no approxi-
mations in the above process. An approximate expression
shows the second order dependence:

@29

d_NF__(d;FF)2+( ” ]

2 2
b R L P
20 2R 2R? 2R 4R2

Thus an approximation to the intercept that can be obtained
from the polynomial fit is given by the expression:

25
r? ( r? ) (30)
T
30
In practice, the following expression may be used:

I BD

r2
W]

35
R

1+ (1+

The extracted intercept from the data must be positive. If
not, then it is an indication of either a rogue or a situation that
needs further unwrapping.

40

Incorrect unwrappings may occur when the difference
between the near field and far field delays are greater than one
wavelength of the transmitter base frequency. This occurs in
the present case of a 10 wavelength radius array when the
slant range, in the absence of multipath and phase noise, is
less than 6 m. When the slant range is small, the processing is
preferably based on the phase difference data measured using
the smaller, inner array (16 in FIG. 1).

45

50

The intercept depends on range as shown above by:

55 2
1=

(B2

R[1+ (1+%)

60
The range can be expressed as:

2o (33)
65 21 2
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And the error in R due to an error in the intercept Al,
defined as AR, may be given by the expression:

AR= 1(r2+1)A1 GY s
AVE
R2 2 (35)
AR:—1+—21+ 1+ = ||Al
r R?
10

The intercept decreases with range and the error in the
range is sensitive inversely as the square of the intercept and
proportional to errors in the intercept. These two aspects
manifest themselves for certain combinations of slant range,
K factor value and any bias that inappropriate hop frequency
interval produces.

The multilateration equations developed below are used
with the TDOA data from the unwrapped phase versus fre-
quency to obtain X and Y coordinates

Distance from transmitter T to the 6 sensors in the x-y plane 20
may be determined by the expression:
RAV X% +(Y-yp)*+2%) (36)
Distance from the transmitter T to the central (reference) ,5
receiver 14 may be given by the expression:
R:\/(X2+ Y2+722) (37
Difference in time between arrival at the reference receiver
14 and at receiver i expressed in meters (i=1 to 6) may be 30
given by the following expression:
dM=R-R 38)
The above may be re-express as:
35
R2=(dM)2+2d NFR+R? (39)
And thus
(R* = R%) 40y 40
0=d" +2R+ ys
Choosing another receiver, e.g., receiver j and write:
45
R* - R 4D
0=a +2R+ ( o )
dj
50
Subtract the above two equations allows the elimination of
R which removes the square root from the problem as shown:
(R*-R) (R =R} @2 ss

0=df —d}¥ +

art art

2 2 2 _ p2

g g, (R -RH (R"-Rp
J d‘_NF d}VF

Form R*-R,? and Rz—Rjz, then:

R-R=(X*+Y+Z5) - (X —x)* + (Y = y)* + 7?) 43)
= —{-2Xx; + 2% - 2}’y‘.2 +y3 65

-continued
R = R = —{=2Xx; 4] = 2007 +33) @
Collect terms in X, y, Z to obtain:
0= XAy +YBy + Dy 45)
2y 46)
i =
are - air
o Zyi 2yj @7
= e =
art - ayr
2 2
D.__d_l\/F_dl_\/F_xt'z"'yiz XY (43)
¥ =%
4 d‘_NF d}VF
2 2
=df’F_dNF_r_+’_
oAt dyr

The foregoing equations are used as follows: (1) choose i
and generate a system of 5 equations using j=1 to 6, with j=i
not chosen. Repeat the foregoing 6 times. Thus one obtains 6
estimates of X,Y with each estimate obtained by a best fit to
the over-determined set of 5 equations for 2 unknowns.

The equations presented here are developed for the
example 6 receiver pair array (18 in FIG. 1). They need only
the time delays as obtained from the unwrapped phase differ-
ences versus frequency. The need for the explicit use of the
angles to the transmitter T in the extraction of range is not
required. However the use of angles in the phase unwrapping
process is still required

In a similar manner it is possible to develop equations for
the range but they are susceptible to errors in the TDOAs and
are effectively useless beyond a few tens of metres. The
derivation is given below for the sake of completeness. Range
in practice is extracted as explained above.

d;=R-R (49)
(di+R)2 :Rizz(X_xi)z"'(Y_)’i)z"'Zz (50)
(dA+RP=R>-2Xx~2 Yy 17 (51)
P=x24y7 (52)
When i=1, y,=0 and i=4, y,=0 \and x,=-x,,, then:

- r? —d? —2Rd, (53)

- 2x;
- r? —d3 —2Rd, (54)

2x4
27— +d)) (55)

YT+ dy)

Ifthe transmitter T is at a large distance (i.e., in the far field)

0
at X=Y=0 then the following expression applies

di=d,=0 (56)

and as expected R=co. If'the transmitter T is at any distance
Y when X=7-=0, d,=-d, and there is no information on R.
However this is not a situation that is expected to be encoun-
tered.
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Similarly one can write:

R = 2% — (& + d}) (57
BT T 2dy + ds)

R = 2% (& + d}) (58)
7 T 2ds + de)

d3 +2d3R = —2Xx3 — 2¥y; + 12 69

d22 +2dyR = =2Xx; — 2Yy, + r? (60)

As x;=-X, and y,=y; the following expression may be
written:

€D

27 (& +d} +2R(dr + ds)

Y
4y?

If one also considers receivers 5 and 6 one obtains the
expressions:

dy2+2dsR=-2Xx5-2 Yystr? (62)
dP+2dgR=-2Xx -2 Yyst? (63)
As xs=—%, and ys=y, one obtains the expressions:
v o 2rF — (d? + d? + 2R(ds + dg)) (64)
N 4ys
The foregoing provides another solution for R:
47 (B + 3+ d2 +d?) (65)
R2356 Y
2dp + d3 + ds + dg)
In general one can write the expression:
dP+2d R=-2Xx~2Yy+1" (66)
If and c; and B, are defined as:
N ) ©7
TR
d d; (©68)
By -
Yoo Vi
and
P-d; P-4 ©9)
YT Ty T
Then:
Vil = Vi (70)
R =

Bijowt — Pu;j

The range R may be extracted in principle from such equa-
tions by setting up all the possible independent variations and
solving by least squares optimization but the method is sus-
ceptibleto errors in TDOA and the method described above as
the intercept method is typically used.

In the absence of multipath arrivals with only line of sight
(LOS) arrivals at the receivers, the unwrapped phase with

10

15

20

25

30

35

40

45

50

55

60

65
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respect to hop frequency is a straight line passing through
zero at zero frequency; the slope gives the delay between any
receiver pair.

In the presence of multipath arrivals, the unwrapped phase
tends to be oscillatory with hop frequency around the straight
line. If the hop frequency interval is small enough then this
oscillatory behaviour is well described and the mean value
versus hop frequency is very close to that for LOS only. If the
hop frequency interval is too large then bias can manifest
itself in the results. This is essentially aliasing.

A flow chart showing implementation of the method devel-
oped in the above equations is shown in FIG. 3. Depending on
the expected range, at 39, the following procedures operate on
either the outer or inner arrays of sensors, except for the
beamforming. A first element of the method is to calculate
TDOA using phase difference with respect to frequency. At
40, phase differences are measured at a plurality of hop fre-
quencies a simple phase unwrap versus frequency is per-
formed to provide (A¢;,,),,,-

At 42, use all the determined values (A¢,,),, for the inner
array (16 in FIG. 1) in the beamforming to obtain the two
angles as averages of estimates at each hop frequency.

At 44, calculate the far field phase differences ¢, ** for the
6 pairs of sensors in the outer array (18 in FIG. 1). At 45,
expressions such as (A¢,,), +2x N ~A¢, * may be used at
each hop frequency and are minimized to obtain the 6 non-
integer values of the multipliers, N ,. This is done for the sets
of (A9,,),, for both the inner and outer arrays separately. At
46, several stages of a strategy to are used convert the N, to
integer values N,5. At 48, form the unwrapped phase differ-
ence using the expression A¢,,=Adpiom+2nNiS. At 50, obtain
the slope of the TDOA of'the least squares linear fit to each of
the A¢,, versus hop frequency, forced to pass through (0,0).
The foregoing procedure gives the values of d*”. At 52 it is
noted that the TDOA must always be greater than the far field
delay. If this is not so, then the TDOA may be changed by the
equivalent of a 2m shift in A¢,, at the highest hop frequency.

At 54 find the constant term (intercept) of a least squares
second order fit to the 6 values of d¥* versus d,/*. At 56, the
range is calculated using the expression

o

T2

(Eq. 33) At 58, use equation 45 with the d,** to extract the X
andY coordinates. At 60, use R, X and Y to calculate Z using
Equation 36.

At 62, find the operation (OP) to convert N, to N,; such as
fix, round, floor, ceil which results in smallest value of
(A, ) +2{OP(N )} -A, 771, The chosen value, at this
stage, is termed N,; which, due to multipaths, may not always
be constant with frequency for a given sensor pair. At 64, the
values of N,; may be corrected. If the value of A, (f) differs
by more than w from the average of A¢, (f) over frequency
then N,;(f) is updated to N,,(f) by adding/subtracting 1 as
appropriate to N,;(f). This process may be taken through 2
cycles to end up with N,5(f), which should now be indepen-
dent of frequency. Thus, the values of X,Y,Z ofthe helicopter
with respect to a selected position on the combined array (10
in FIG. 1) may be determined, and transmitted to the helicop-
ter (e.g., by the processor 40 in FIG. 1) to assist the pilot in
guiding the helicopter to an appropriate position for safe
landing proximate the combined array.

A method and apparatus for determining helicopter range,
direction and elevation from a target landing array may pro-
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vide for safe landing of a helicopter in low visibility condi-
tions, enhancing safety. The proposed array including both
TDOA position determination and phased array arrival angle
determination may provide more accurate results that using
TDOA receiver arrays.
While the invention has been described with respect to a
limited number of embodiments, those skilled in the art,
having benefit of this disclosure, will appreciate that other
embodiments can be devised which do not depart from the
scope of the invention as disclosed herein. Accordingly, the
scope of the invention should be limited only by the attached
claims.
What is claimed is:
1. A method, run on a processor, for determining position
of a helicopter with respect to a combined phase difference
array and phased array of receivers, the combined array
including an inner array spaced at a first distance from a
central receiver and an outer array spaced at a second distance
from the central receiver larger than the first distance, the
method comprising:
transmitting a location signal from the helicopter to the
combined receiver array, the location signal including a
base frequency and a plurality of hop frequencies;

determining time difference of arrival between pairs of
receivers by determining phase difference with respect
to frequency, the phase difference unwrapped when in
excess of 21,

beamforming response of receivers in the inner array of
receivers in the combined array to obtain a direction and
elevation angle as an average of estimates made at each
hop frequency;

calculate a far field phase difference between each pair of

receivers in the outer array of receivers;

determine non-integer multipliers of 2 phase difference

for phase difference with respect to frequency between
pairs of receivers in both the inner array and the outer
array;

30

16

convert the non-integer multipliers to integer multipliers;

determine fully unwrapped phase difference with respect

to frequency for all pairs of receivers using the integer
multipliers;
determine a linear least squares best fit of phase difference
with respect to frequency for all pairs of receivers,
wherein the linear least squares best fit is constrained to
pass through zero phase at zero frequency, thus deter-
mining corrected TDOA for each pair of receivers;

determine whether the TDOA is greater than the far field
delay, and if not adjust the TDOA by the equivalent of 25t
change in the phase difference at the highest hop fre-
quency;

find an intercept of a least squares fit of the TDOA versus

the far field TDOA for all pairs of receivers in the outer
array;

calculate a range of the helicopter from the central receiver

using the intercept;

determine the horizontal distances in orthogonal directions

(X,Y) from the range and determined angle;
calculate the elevation of the helicopter (Z) using the range,
and X,Y;

transmit X, Y, and Z values to the helicopter.

2. The method of claim 1 further comprising correcting the
values of phase difference with respect to frequency for mul-
tipath location signals detected by the receivers in the com-
bined array.

3. The method of claim 1 wherein the location signal is in
a hop frequency range of about 80 Megahertz centered on a
2.4 Gigahertz base frequency.

4. The method of claim 1 wherein beamforming the
detected signals in the inner array is performed by adding a
selected phase delay corresponding to selected receivers in
the inner array.



