A STUDY OF SYMMETRIC-PAIR ANTENNA ARRAYS FOR
DIRECTION FINDING AND COMMUNICATIONS

Wolfram Albert Ulrich Titze

A thesis submitted to the University of London for the Degree of

Doctor of Philosophy in Electronic Engineering

-\

UCL

Department of Electronic & Electrical Engineering
UNIVERSITY COLLEGE LONDON

October 1992



ProQuest Number: 10044413

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest 10044413
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346






Ich mufl immer das Geschriebene wieder lesen, um mich zu
iberzeugen, dafl es sich nicht so schwerfillig liest wie schreibt. [...]
Manchmal denke ich, es ist Eitelkeit und Pedanterie, weil man die
Nebensachen, die auch Miihe gemacht haben, nicht unerwidhnt lassen
will. Ich troste mich damit, es sei auch wieder Gewissenhaftigkeit, indem
man auch den Leser selbst urteilen lassen mochte.

Heinrich Rudolf Hertz, 1857-1894

(From a letter to his parents dated 15th January 1888)






ABSTRACT

A novel type of phased array, called a symmetric-pair array, is
described. Its antenna elements are arranged in pairs around a common
phase centre, which yields easy-to-process biphase output signals from
each pair. Symmetric-pair arrays are attractive for applications such as
direction finding and beam forming and, due to the nature of the pair
output signals, it is also possible to achieve gain with isotropic coverage on
reception.

The properties of symmetric-pair arrays are examined, both for ideal
conditions and in the presence of phase and amplitude errors. Graphical
representations of the pair output signals are introduced to aid in the
understanding of the properties of this type of antenna array.

The necessary algorithms and techniques to perform unambiguous
direction finding with symmetric-pairs are developed. A detailed outline
of a symmetric-pair direction finding system is given, and different
options to process its baseband signals are discussed. The performance of
the direction finder in low signal-to-noise environments is analysed using
the mathematics of random processes, and the probability of detection as a
function of false-alarm rate and angle of arrival is evaluated.

Beam forming techniques for symmetric-pair arrays are explained,
and it is shown that this type of array allows savings in the control
hardware due to its inherent symmetry. The problem of gain with
isotropic coverage for reception is discussed, and it is demonstrated how it
can be achieved with symmetric-pair arrays.

Computer simulations and experimental results are used throughout
the thesis to confirm and support the presented theory.
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1 INTRODUCTION

1.1. BACKGROUND

Phased arrays are nowadays well established work-horses in
surveillance and communications and have undergone rapid
development in their rather short history. Despite the fact that the
scientific and engineering basis for the field of microwave transmission
had been developed in the 1940's, the first microwave phased arrays did
not became available until a decade later. This was due to the fact that
electronic phase shifters and computers, two key components for a phased
array, had previously not been available [Sta 74].

A phased array consists of a group of spatially distributed radiators
which are fed from a single source and therefore coherently excited. For
beamforming purposes, the phasing of the individual antenna elements is
such that their contributions add constructively to a plane wavefront in a
chosen direction. By controlling the phase and the amplitude of each
radiator, it is possible to steer and form the beam pattern of the array. The
direction and shape of the beam can therefore be electronically
manipulated at microseconds speed without actually physically moving
the array structure, which provides considerable beam agility. The
antenna elements of the array act as interfaces that transduce guided
waves into free space waves and vice versa. The theory of phased array
beamforming and signal processing is well covered in the literature, and
standard array structures have been established such as linear, circular,
planar or conformal arrays ([Sta 74], [Mai 82], [Rud 83], [Hal 90], [Hay 92]).

Most phased arrays are periodic arrays with equally spaced elements,

which makes it easier to devise design procedures. Periodic arrays with
omnidirectional elements usually have spacings of d < A/2 to avoid grating

2
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lobes. They also suffer from the effects of mutual coupling, which is
caused by the close inter-element distance and changes the effective
element pattern. As a result, the gain, driving-point impedance and
effective aperture taper of the array can be a function of the scanning
angle. All these effects have to be considered in the design. The cost of any
array is approximately proportional to the number of elements, which
means that the cost for a linear periodic structure is proportional to its
length, and grows with the square of this quantity for a two-dimensional
periodic array.

The second category of phased arrays are aperiodic or thinned arrays,
which have unequally spaced elements. It is usually difficult to devise
design procedures for this type of array, except for the class of random
arrays [Ste 76]. A special case of random arrays, whereby the elements
are uniformly randomly distributed within a sphere, has received
considerable attention in the past, and Ender and Wilden actually
constructed and characterised such an array which they called the crow's
nest antenna ([Wil 90], [Wil 87], [End 81], [Lo 641, [Dze 78], [Lev 79]). The
objective of any aperiodic array design is to reduce costs by thinning
without sacrificing key array parameters like the mainlobe width or
average sidelobe level. Due to the reduced number of elements, there are
fewer degrees of freedom for the designer and hence less control of the
radiation pattern, which makes it harder to meet the specifications. The
hazard of grating lobes in aperiodic arrays due to inter-element distances
of more than half a wavelength, is avoided by unequal spacing of the
elements, and the larger inter-element spacing reduces the effect of
mutual coupling.

The type of phased array investigated in this thesis is called a
symmetric-pair array. Dependent on the application, this novel type of
array belongs to the category of aperiodic or random aperiodic arrays.
(However, it should be noted that certain periodic structures could also be
treated as symmetric-pair configurations, but these special cases will not
be considered here.) Aperiodic symmetric-pair configurations are used for
direction finding, and random aperiodic symmetric-pair arrangements
can be employed for beam forming and have significant attractions, if
gain with isotropic coverage on reception is to be achieved.
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1.2. OBJECTIVES

The concept of symmetric-pair arrays and possible applications of it
have only recently been reported by Benjamin and Griffiths [Ben 89]. Such
arrays consist of pairs of antenna elements that can be arranged in three
dimensions around a common phase centre. Each of the antenna pairs
can be regarded as an independent sub array, which substantially
simplifies the analysis. Symmetric-pair arrays have output signals that
are easy to process, and are therefore attractive for mobile
communications and any kind of application where versatility at
moderate hardware expense is required. The pair concept also allows the
matching of the antenna configuration to the structural constraints of a
building or vehicle.

The objective of this thesis is therefore to investigate the fundamental
properties of symmetric-pair antenna arrays, both under ideal and
imperfect conditions. Having established an understanding of this novel
type of array, its potential for direction finding (DF) is examined in some
detail. This leads to the development of a symmetric-pair DF system and
the discussion of its predicted performance. Two possible applications of
the symmetric-pair concept in communications are also investigated in
this thesis. One of them is beam forming, and the second is gain with
isotropic coverage on reception. It will be shown that the latter could not be
implemented with other array structures.

1.3. STRUCTURE OF THE THESIS

The substance of the thesis is contained in the next five chapters. The
properties of symmetric-pairs, different ways of processing and
graphically representing their signals as well as the effects of phase and
amplitude errors are covered in chapter 2. This lays the foundations
necessary for the understanding of the different applications of this type of
antenna array and is therefore essential reading.

Chapters 3 to 5 are devoted to direction finding with symmetric-pairs.
The basic techniques used for direction finding with symmetric-pairs are
outlined in chapter 3. To focus on the key principles, an idealised world
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with a single infinitely strong CW carrier as received signal is assumed
in this chapter. In chapter 4, realistic signals with a certain bandwidth
and finite signal-to-noise ratio are introduced. After solution of the
associated problems, a symmetric-pair direction finding system is
developed, and different methods to process its baseband signal are
discussed and compared. The performance of the proposed DF system in
low signal-to-noise environments is assessed in chapter 5. This is done by
taking the mathematics of random Gaussian noise at the antenna
elements into account. Expressions for the probability of detection of the
direction finder as a function of false-alarm rate and angle of arrival are
finally derived in this chapter.

The applications of symmetric-pair arrays in communications are
covered in chapter 6. Different beam forming techniques as well as the
concept of gain with isotropic coverage for reception are introduced here.
A summary and recommendations for future work are contained in
chapter 7.

An additional note on the citation of references. All references can be
found in a block before the appendices and they are grouped by chapters.
In the text, they are referred to with the first three letters of the first
author's surname and the year of publication. Since all references are
(just about) from the 20th century, the digits representing the century
have been omitted.



2 PROPERTIES OF SYMMETRIC-PAIRS

2.1. DEFINITION OF A SYMMETRIC-PAIR ARRAY

Symmetric-pair arrays consist of a number of antenna pairs of
arbitrary inter-element spacing, arranged around a common phase
centre in a two or even three dimensional configuration as shown in Fig.
2-1. The centre point of the two elements of each pair is called the phase
centre of a pair. In principle, it is possible to use any kind of antenna
elements for this type of array. The only constraint is that the elements of
a pair must be identical and point in the same direction.

Common
phase centre

Figure 2-1: 3D array of random symmetric-pairs

Due to the common phase centre, each pair can be treated as an
independent sub-array, which simplifies the calculation of the radiation
pattern of the array and allows us to use the superposition principle. This
applies only as long as no mutual coupling has to be taken into account.
In the case of mutual coupling, possible simplifications depend on the
symmetry of the array geometry.
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2.2. PROCESSING OF THE SIGNALS OF A SINGLE SYMMETRIC-PAIR

To make full use of the information contained in the symmetry of the
signals of each pair, processing on a pair basis is necessary. The two
methods introduced in the following sections describe the fundamentals of
symmetric-pair signal processing and are used in one way or another in
all applications of this kind of antenna array.

2.2.1. Sum and difference processing

Because of the pair symmetry, an incident wavefront will always
encounter one member of the pair, say M1, with a certain time (and hence
phase) lead before that front reaches the phase centre. The other member,
M2, will be excited with an equal phase lag (Fig. 2-2). With a definition of
the angle of incidence 0 as the angle between the element axis of the pair
and the direction of propagation, counted clockwise from the reference
element M1, the two elements will be excited at phases -¢ and +¢ relative to
the phase centre:

ntd
= ——cos9
¢ A ..(2.1)

where A is the wavelength and d the spacing between the elements.

The vector sum V5 of the signals of a pair, obtained with a lossless
power combiner, is given by:

V= %(Ve"("’“’) + Vej(mt'°)) =~/2V cos ¢ e/

..(2.2)

where V is the amplitude of the excitation of each element. The resultant
is a real signal with positive or negative sign, dependent on whether the
sum signal is in phase or anti-phase with the reference phase at the
phase centre.

The vector difference V, of a single pair is:
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V,= 712-(Vej(°’t+°) - Vej(“"‘"’)) = /2V sin ¢ /™) 2.3

This signal is orthogonal to the reference phase and can also be of
either sign. All the sum outputs of an array of symmetric-pairs are either
in phase or anti-phase to each other, and so are the difference signals.

Arriving wavefront

M1
(Reference element

of the pair)
pair \d lag

\
11 \ oy
Output: zi l A A

I

Figure 2-2: Symmetric-pair with sum and difference processing of the
signals

A very simple way of testing whether signals are in phase or within
+n/2 of the reference phase is to use a power combiner and to add the
output of a symmetric-pair and the phase reference signal. (The latter can
be provided by an extra element at the phase centre.) If their phase
difference is less than +n/2 the combined signal will be larger than the
reference signal alone, otherwise it will be smaller. In the case of the
difference signals, a 90° phase shifter has to be inserted, to account for the
orthogonality of the difference signal.
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The standard device for generating the sum (X) and difference (A)
vectors is a 180° hybrid. Hence, the two vectors of equal amplitude and
unknown phase at the elements of any pair can be converted into two
vectors of unknown amplitudes but known phases (except for the sign
ambiguity) at the sum and difference outputs of the hybrid. There is no
power wasted, and the combined power of the output signals is 2V2, as
expected.

Before the sign of the sum or difference signal changes, the
corresponding amplitude shrinks to zero. The angles of incidence at
which the sign changes occur are called phase transition angles. The
sign bit of the £ output changes, if the phase difference ¢, between one
element of the pair and the phase reference is:

A A)2n
¢x=(z+n§)T , my >2n 20

where n is an integer and my = d/A - 0.5 rounded down to the next integer.
The phase transition angles 05, for 0° < 6 < 90° are now defined as follows:

Oy, = arccos(mg—/;x/z-J = arccos(o'g/;n) , my 2n 20 ..(2.4)

Since the X pattern of a symmetric-pair is symmetrical about
boresight and the element axis, the phase transition angles for the other
quadrants are easily calculated.

In the difference pattern, the sign changes for:

¢A=(n%)2_:’ mp 2n20

where n is an integer and my = d/A rounded down to the next integer. For
0° =8 < 90° the phase transition angles 6,; of the difference pattern are:

ni/2 A
0, = arccos( d/g )= arccos(%—) , my2n20 ...(2.5)
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Figure 2-3: Measured and calculated sum pattern of a symmetric-pair
with 2A spacing
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Figure 2-4: Measured and calculated difference pattern of a symmetric-
pair with 2A spacing
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This pattern is also symmetrical about boresight and the element
axes and has a phase transition at 90° and 270° irrespective of the element
spacing. However, the polarity of the sign zones is now anti-symmetric
about boresight.

The phase transition angles coincide with nulls in the amplitude
pattern of a pair. Because of the symmetry of both patterns about the
element axis, no phase transition can occur at 0° or 180°, but there may
well be zeros in the antenna pattern, dependent on the element spacing
(for the sum pattern: d = odd multiple of A/2, difference pattern: d =
multiple of A).

The calculated and measured sum and difference amplitude patterns
of a symmetric-pair with 2 A spacing are shown in Fig. 2-3 and Fig. 2-4
respectively. The prototype consisted of two monopoles on a ground plane
with 2 A spacing at 10 GHz. Fig. 2-4 demonstrates that the difference
pattern has, as expected, nulls at 0° and 180° for a spacing of 2 A. The two
neighbouring grating lobes at each of the endfire positions therefore have
the same sign.

2.2.2. Equal and opposite phase shifts at the elements

As in any antenna array, it is also possible to process the signals of
symmetric-pairs with the help of phase shifters. However, to retain the
symmetry of the arrangement and to keep the location of the phase centre
of each pair unchanged, the phase shifts applied to each element of a pair
must be equal and opposite (see Fig. 2-5) ([Fra 67],[Gly 68]). The output V_,
of a pair with such phase shifting networks and subsequent sum
processing is equal to:

Voo =5 (V#1099 1 VeIo49) = VBV cos(o + A0) o

eo

...(2.6)
where tA¢ is the applied phase shift at each element.

Eqn. 2.6 shows that the output signal of a symmetric-pair after the
use of equal and opposite phase shifts is still bi-phasal, but phase



32  Properties of Symmetric-Pairs

transition will now occur at different angles of incidence. The condition
for phase transition is then:

ALA A \2n
Peot =(Z+n§_A¢ﬂ)T , m; 2n 2 my

where:

m, = %—(0.5 - Anql) , rounded down to the next integer

m, = :; —(0.5 —%) , rounded up to the next integer

¢ is the phase difference between one of the elements and the phase
centre and A¢ is the phase shift applied at the reference element M1 of a
pair (see Fig. 2-2). Due to the phase shifts, the symmetry of the phase
transition angle pattern about boresight is lost, whereas the symmetry
about the element axis still remains. The above values for n define the
phase transition angles 6, for 0° < 6 <180°:

o, = arccos( A/4+n)/2-Ad x/(zn)J _ arccos(0.5 +n-A¢/n

d/2 d/A ) 2.7
where n is again an integer number between m; and ms,.

Phase centre of the pair

- q) Output: A

)2 — |

Figure 2-5: Symmetric-pair with equal and opposite phase shifts
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Equal and opposite phase shifts with -90° at the reference element of
the symmetric-pair yield the same pattern of phase transition angles as
difference processing. The only difference is that the bi-phasal output
signals are now still in phase or anti-phase to the reference signal and not
orthogonal to it, as is the case after difference processing.

If the applied phase shift at element M1 is positive, the pattern of the
phase transition angles for 0° < 6 < 180° rotates clockwise, and the pattern
for 180° < 8 < 360° rotates counter-clockwise. For negative phase shift at
element M1 the directions of rotation are reversed. These relations can be
easily visualised with the help of the graphical representations introduced
in the next section.

It is convenient at this point to give a general formula for the phase
transition angles (i.e. nulls) and the maxima of a symmetric-pair pattern
that covers all types of processing. The conditions for a maximum can be
derived by considerations similar to the ones for the phase transition
angles. The respective values of n yield nulls and maxima for 0° £0 <180°:

+n
0= arccos(a ) m; 2n 2m,
d/A ...(2.8)
where:
m, =—-a, rounded down to the next integer

A

m, = —d_ a, rounded up to the next integer

A
Processing technique } Naull Values for jEllVIaximu m
X processing 0.5 0
A processing 0 -0.5
¥ processing with equal 0.5 - Ad _Ae
and opposite phase shifts n T

Table 2-1:  Values of constant a for the calculation of maxima and nulls

The value of the constant a is given in Table 2-1 and depends on the
processing technique and whether the location of nulls or maxima is
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calculated. It should be noted that any integer could be added in the
definition of a, since the values for m; and mgy would be automatically
adjusted, so that eqn. (2.8) would still be correct.

2.3. GRAPHICAL REPRESENTATION OF THE SIGNALS OF
SYMMETRIC-PAIRS

In the last section it has been shown that the output signals of
symmetric-pairs are essentially always just in phase or anti-phase with
each other. Since this is very important for symmetric-pair applications,
two ways to represent this property graphically are introduced. For the
sake of simplicity, the patterns of the antenna elements are assumed to be
isotropic.

2.3.1. Single symmetric-pair but variable angle of arrival

This first representation is in its 2 dimensional version a cross
section of the sign bit pattern of one symmetric-pair. Fig. 2-6a shows the
cross section of the sum pattern of a pair with 4A spacing, and Fig. 2-6b,
represents the difference pattern of the same pair. Both pictures show
clearly the symmetries of the two patterns about boresight and the element
axis. It should also be noted that the sectors around boresight are rather
narrow, whereas the sectors in the endfire areas of the pair are very
broad. Each of the sectors contains a grating lobe of the amplitude pattern
with a maximum in the middle of the sector and nulls at the borders.
However, the sectors around the endfire area may just contain a fraction
of a lobe dependent on the spacing of the elements. The endfire lobes do not
exist at all for element spacings that produce a null in the endfire
direction. It can be seen that for 0° < 6 < 180° the sum pattern consists of
2m + 1 lobes of alternate sign (Fig. 2-6a), and the difference pattern of 2m
such lobes (Fiig. 2-6b). Whereby m is defined as follows:

Sum pattern: m=d/A-0.5, rounded up to the next integer
Difference pattern: m = d/A, rounded up to the next integer
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Figure 2-6a: Cross section of the sum sign bit pattern of a symmetric-pair
with 4 A spacing
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Figure 2-6b: Cross section of the difference sign bit pattern of a symmetric-
pair with 4 A spacing
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Figure 2-7: Cross section of the sum sign bit pattern of a symmetric-pair
with 60°equal and opposite phase shift and 4 A spacing
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The impact of equal and opposite phase shifts on the sign bit pattern
can be seen in Fig. 2-7. As predicted, there is no longer symmetry about
boresight.

The actual 3 dimensional radiation pattern would be generated by
revolving these fan patterns about the axis of the pair (Fig. 2-8). Thus, the
sum pattern usually comprises one broadside disc, 2(m-1) hollow cones,
and two solid-cone end-fire beams, all with common apex. The difference
pattern has no broadside disc, and because of the nature of the difference
signal, the two endfire cones are always of different sign.

Element axis

] =in phase (+)
I =anti phase (-)

Figure 2-8: 3D E sign bit pattern of a symmetric-pair with 4 A spacing
The broadside disc and the hollow cones cover the same solid angle Q:

Q=2k {sin8 do =27[(cos8" -cosGg) = 2HX

(2.9

where 0”and 02 are two neighbouring phase transition angles calculated
with eqn. (2.4), eqn. (2.5) or eqn. (2.7), and the sphere is assumed to be a
unity sphere. In the 3 dimensional representation of the signs of a
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symmetric-pair, the phase transition angles cut the surface of a sphere
into slices of equal thickness, which are centred on the element axis as
shown in Fig. 2-8. Equal and opposite phase shifts just move these slices
along this axis but do not change their thickness.

2.3.2. Fixed angle of arrival but arbitrary symmetric-pair configuration

The idea behind this second representation is to consider the
wavefield in the direction of propagation as composed of a sequence of
positive (+) and negative (-) zones of width A/2. This has the advantage that
it is possible to detect for a certain angle of arrival the sign bits of all pairs
of a symmetric-pair array simultaneously. If the array is 3 dimensional,
the positions of the elements have to be projected in the considered
wavefront plane.

For the sum pattern of a symmetric-pair array, its phase centre lies
in the middle of a positive zone (Fig. 2-9a), whereas for the difference
pattern, the phase centre of the array is displaced by A/4 (Fig. 2-9b). In both
figures, the solid element of each pair is used to define the angle of
incidence and the sign bit of the output signal. (The solid element
corresponds to the reference element M1 in Fig. 2-2).

It is also possible to evaluate the sign bits of a symmetric-pair array,
when equal and opposite phase shifts are used. The phase shifts can be
represented as vectors, which start at the elements of each pair and are
always parallel to the direction of propagation, since their influence is
irrespective of the angle of incidence. The two vectors are antiparallel to
each other and their length corresponds to the applied phase shift. If the
phase shift is negative, the vector at the solid reference element is in the
direction of propagation, for positive phase shifts, this vector is
antiparallel. The sign of the output signal of each pair is determined by
the sign of the zone in which the tip of the reference element vector lies. To
illustrate the above matter, a two pair array with a phase shift of -120° and
+90° at the pairs is shown in Fig. 2-10.
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a symmetric-pair array

Arriving wavefront Phase relative
-120° phase shift to the common
(causing sign change) phase centre

/ |
N
/

T, L

Y Sn/2

IO OO, -

/2

_ A ’ Y
\:' — | N\ - / < 0_75/2 _ 2y
\\\&\\\ | VAN A\ —3n/2
N I
= : / N =5m/2
~Tr/2 Distance
' +90° phase shift o: Reference element

(causing no sign change)

Figure 2-10: Sign zones for a two pair array with equal and opposite
phase shifts at the elements and sum processing {



2.4. Bandwidth Considerations 39
2.4. BANDWIDTH CONSIDERATIONS

The largest possible phase change A¢ at the element of a pair due to a
frequency change of Af can be expressed by slightly modifying eqn. (2.1):

o= Eclcos() = ﬂcose
A c
therefore: . for max A
i |cosd]=1
A¢=a—¢Af=Ecos9 Af = £(iAf
of c | c

Using this relationship, the corresponding fractional bandwidth is
given by:

bjw=+40 = X 5

. dm ..(2.10)

The 3 dB fractional bandwidth of a pair can be calculated for A¢ = /4
(the sum vector decreases from length v2 for fully co-phasal summation to
1). With eqn. (2.10), the fractional bandwidth is +A/4d. For d equal to the
array diameter D, this can be considered as the lower limit for the 3 dB
bandwidth of a symmetric-pair array. For a phase change at the elements
of A = n/2, the phase of a pair is reversed (relative to the phase centre).
This will take place for a fractional frequency change of #A/2d. The same
frequency change incidentally defines the -3.9 dB bandwidth of a uniform
linear array, where d would be the length of the array. It should be noted
that the bandwidth calculations are only correct if fully co-phasal
summation takes place at the centre frequency f,, otherwise the
bandwidth will be smaller, since the symmetry about the centre frequency
is lost.

Eqn. (2.10) shows as well that, as expected, the bandwidth decreases
with increasing spacing of the elements. However, the symmetric-pair
principle as such works over virtually unlimited frequency range,
provided, the received and transmitted signals are reasonably narrow
band. In most applications, the limiting factor will be the bandwidth of the
antenna elements.
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2.5. EFFECTS OF PHASE AND AMPLITUDE ERRORS

So far in the analysis of symmetric-pairs, ideal antenna elements and
processing hardware as well as no obscuration or mutual coupling from
other pairs has been assumed. In practice, however, the amplitude and
phase response of a pair could well be affected by such effects. The purpose
of the following sections is to investigate as far as possible the effect of
systematic phase and amplitude errors, i.e. errors that are not affected by
the quality of the phase front of the received signal. The influence of these
errors on both the accuracy of the phase transition angles of a pair and the
shape of the output amplitude will be examined. There will only be a
treatment of phase and amplitude errors for the sum signal of a pair,
since the difference signal as well as signals of pairs with equal and
opposite phase shifts show the same behaviour.

2.5.1. Phase errors only

Three different types of phase errors will be considered. The first one
is caused by a change in element spacing due to hardware imperfections.
This clearly changes the phase transition angles and the amplitude
pattern according to eqn. (2.4) and eqn. (2.2) respectively.

The second type of phase error occurs due to different line lengths
between the elements of a symmetric-pair and its summing network. This
is a non symmetrical error and also changes the phase transition angles
as well as the output phase, but can be easily corrected with phase
shifters. If the phase difference between the two feed lines is a, the output
signal of the summing network can be written as:

pe

_ 1 (g iaena) | yilee)) _ o ) i(o43)
V., .= NE) (Ve +Ve )— 2V cos| ¢ + 2 e 21D

As can be seen, the output phase is offset by o/2 due to the error, and
the phase transition angles are shifted by a constant value. Element
obscuration and mutual coupling yield the same problems at the final
summing network. However, the effects of these types of error are hard to
eliminate, since they are dependent on the angle of incidence.
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In the third case, the element spacing is correct, but the phase centre
of the array no longer coincides with the phase centre of the pair due to
hardware inaccuracies. Ignoring the angular frequency term e™* and
taking the array phase centre as reference, the sum signal of the pair can
then be written as:

=V2Vcos((i e*-
I ..(2.12)

where be is the phase error at the elements of a pair, which varies with
the angle ofincidence and is caused by the offset between the two phase
centres. This offset consists of one component along and another
orthogonal to the element axis (Fig. 2-11). The additional phase shift due to
the error is therefore defined as follows:

<t>e=";lAaiC0s0 +A,sin8)
..(2.13)

where Aai is the offset along and Aor the offset orthogonal to the element
axis. Aal is positive if the array phase centre is displaced away from the
reference element of the pair, and Aor is positive for displacements of the
phase centres towards 270° (negative for offsets towards 90°). The
definition ofthe sign ofthe offsets is also shown in Fig. 2-11.

Examination of eqn. (2.12) shows that the amplitude pattern of a
symmetric-pair remains unaffected by the offset between the phase
centres, and the location of the phase transition angles is not affected
either. However, dependent on the angle of incidence, a phase offset is
added to the binary phase of the output signal. As long as the offset
between the array and pair phase centres is less than ?1/4, it is still
possible to detect, whether the signal belongs to the in phase or anti-phase
hemisphere (Figs. 2-12a-c). Larger offsets, as in Fig. 2-12d, entail a phase
shift of the output signal which is larger than +90°, which makes this
distinction impossible.

In practice, it is often desirable to locate the offset between the two
phase centres. The maximum phase error occurs when the geometrical
phase centre ofthe pair and the phase centre ofthe array lie on a straight
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line with the direction of propagation of the signal. Knowing at which
angle 6 the maximum phase error occurs and the value and sign of the
maximum phase error ¢emax, it is possible to calculate Aa) and Aor. Using
the fact that

2
(¢emax %) = A312 + Aor2 ’

and rearranging it with the help of eqn (2.13), the offsets along and
orthogonal to the element axis are given by:

A,=9¢ —x—cose

emaxz

...(2.14a)

Ay = Oommax = o —sin®

...(2.14Db)

Simple correction of phase errors is only possible if they are
' independent of the angle of incidence, which is only the case for certain
| phase errors of the second kind.

2.5.2. Amplitude errors only

Amplitude errors in a symmetric-pair configuration can be caused by
obscuration effects or mutual coupling between the elements as well as by
hardware imperfections, e.g. channel imbalances.

Assuming an amplitude difference of AV between the two elements,
the sum signal of the pair is given by:

—1—((V+ AV)e* + Ve ) =2V cos¢+£

V,. = ¥
V2 V2 ..(2.15)

The amplitude of this signal is:

V..|= 2V +AV)® cos® 0+ AV sin® ¢
Vel=7 oAl ¢ (2.16)
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As a result, the nulls of the amplitude pattern are-filled in and the
maximum amplitude decreases with growing AV (Fig. 2-13). The phase of
the pair is now:

AV sin ¢ AV )
- arct - 27 ¢
Pue = 1€ an((2V+AV)cos¢) amtan(szv ane

..(2.17)

It should be noted that the ambiguity of the arctangent has to be taken
into account, in order to get the correct phase value. The phase pattern for
different amplitude errors is shown in Fig. 2-14. The quasi-digital pattern
of the phase for no amplitude error becomes more and more blurred at the
phase transitions with increasing AV. However, owing to the nature of the
tangent function in eqn. (2.17), all curves intersect when the argument ¢
is a multiple of n/2. As a result, the phase difference between the output
signal of a pair and the reference phase is always exactly n/2 at the phase
transitions angles. By deciding whether or not the phase of a pair lies
within +n/2 of the reference phase, it is then still possible to determine the
sign of the signal. Because the slope of the phase function is very steep at
the transition angles, it is not necessary to measure precisely the phase
difference in order to locate the phase transition angles with acceptable
accuracy.

2.5.3. Phase and amplitude errors

The previous two sections showed that for correct pair spacing and no
unsymmetrical phase errors, the location of the phase transition angles is
not affected by reasonably small phase or amplitude errors, and it is still
possible to determine the sign of the output signal. For simultaneous
phase and amplitude errors, the effects on the output signal of a pair are
simply superimposed. Hence the output amplitude of a pair with both
errors is equivalent to the one of a symmetric-pair with only amplitude
errors (eqn. (2.16)), because phase errors do not affect the amplitude, as
shown in section 2.5.1. The phase of the signal is now:

A
q)pae - ¢e + arCtan(zv + AV tan(p) (218)
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Appendix 1 presents another way of deriving the phase of a
symmetric-pair with amplitude and phase errors. As an example, the
phase pattern of a symmetric-pair with Az} = Aor = 0.1X and AV = -0.3 is
shown in Fig. 2-15. Because of the superposition of both errors, the phase
transition angles are not clearly defined any more. However, as long as
the amplitude errors are small, the detected phase transition angles will
virtually be identical with the calculated ideal angles. Fig. 2-16 shows the
phase pattern of a symmetric-pair prototype with 2A spacing. The
measured pattern shows signs of small amplitude and phase errors. The
phase error occurred because the phase centre of the pair was not
identical with the middle of the turntable. Using eqns. (2.14a/b), the offset
of the phase centre along the element axis was 0.25 mm, and the offset
orthogonal to it -1.2 mm. The amplitude error was probably caused by the
amplitude imbalance of the two channels of the hybrid used for this
measurement (£0.5 dB according to the data sheet).



3 DIRECTION FINDING WITH SYMMETRIC-PAIRS -
THE PRINCIPLE

3.1. CURRENT DIRECTION FINDING TECHNIQUES

It is not the purpose of this section to review in detail all current
direction finding (DF) principles, since this has been thoroughly covered
in the relevant literature ([Get 89], [Gra 89], [Lip 87]). However, in order to
appreciate the simplicity and advantages of a symmetric-pair direction
finder, some basic ideas behind known DF systems will be summarised.

The purpose of any direction finding system is to establish the angle of
arrival of a certain signal. This angle of arrival can be unambiguously
described by the azimuth angle o, measured clockwise from north, and
the elevation angle €. The first DF systems were built shortly after the turn
of the century and the history of direction finding is linked with the
discovery of certain phenomena and the invention of some fundamental
DF principles. According to Grabau and Pfaff [Gra 89], the landmarks in
this development are the following:

(1) The discovery of directional properties of antennas.

(2) The subdivision of a DF system into an antenna and a signal
processing part, whereby the latter does the actual calculation of the
bearing (Bellini-Tosi principle 1908 [Bel 08]).

(3) The invention of the Adcock system which is a polarisation error free
direction finder ([Adc 19], [Smi 26]).

(4) The development of the Watson-Watt two channel DF system [Wat 26].
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(56) The invention of the Wullenwever direction finder as forerunner of
today's circular and phased array systems [Rin 56]. (Not
Wullenweber, as itis often erroneously called in the English literature.)

(6) The application of digital signal processing in DF.

The last step is still under rapid development, and it should be added
that the use of superresolution techniques in recent years has opened new
fields which offer scope for many new developments ([Hil 90], [Nic 87],
[Joh 86]). Random arrays can theoretically also be used for direction
finding ([Don 76], [Kas 78]), however, there is to the author's knowledge at
present no commercial product available based on this technique.

It is also interesting to notice that two important developments for
direction finding were reported in the same journal within months of
each other, and the combination of both solved some of the most notorious
problems at the time. Watson Watt developed the first instantaneous
direction reading DF system for the investigation of thunderstorms and
lightning, i.e. signals of very short duration whose bearing could not be
taken with the up to then commonly used radiogoniometers [Wat 26].
However, he used two crossed loops, which left his system susceptible to
polarisation errors. Smith-Rose on the other hand, who gave his paper
before the Wireless Section of the IEE two monthslater in May 1926,
managed to explain the cause of the polarisation errors (night errors) and
solved the associated problems by using two crossed antenna pairs, as
previously employed by Adcock [Smi 26]. However, he still worked with a
goniometer to establish the angle of arrival and had therefore no
instantaneous display of the angle of arrival.

All current direction finders use the amplitude or/and phase
information provided by the antenna system to calculate the angle of
arrival. Furthermore, all systems obtain the data required for the
calculation of the bearing by highly accurate measurements of these
parameters, which often demands very sophisticated hardware. In
contrast, the antenna system of a symmetric-pair direction finder
combined with some simple additional hardware already delivers a quasi
binary signal, which is simple to extract and process. Similar to
interferometers, symmetric-pair DF systems need rather large apertures
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to achieve high accuracy and| are capable of calculating the angle of
arrival of a signal both in azimuth and elevation.

3.2. UNAMBIGUOUS 3D DIRECTION FINDING WITH SYMMETRIC-
PAIRS

Since the polarity of the output signal of a symmetric-pair is
dependent on the angle of incidence, is it obvious to use this information
for the determination of the signal's angle of arrival. The sign bit pattern
of a given symmetric-pair geometry will change for signals from different
angles of incidence. Assuming an unambiguous arrangement, each
angle of incidence would then produce a unique sign bit pattern. Using
just the sum and difference information provided from an array with p
pairs, one is able to distinguish between 22P different combinations.
However, dependent on the array geometry, not all of these patterns will
correspond to a plane wavefront.

For direction finding, it is essential that the estimated direction of
arrival is unambiguous. In the case of symmetric-pairs, this means that
the cones of one pair with the same sign must be distinguishable (see
Chapter 2, Fig. 2-8). A convenient way of resolving these ambiguities is to
use a set of collinear spaced symmetric-pairs (Fig. 3-1). The set of
ambiguous cones can now be reduced to one unique cone each. Since the
sum and difference signals of a pair provide 2 bits of information, they
select 1/4 of the total solid angle. The correct cone can be defined by
supplementing the relevant pair with p.-1 coarse-resolution pairs where:

pc = 1 + 10g4 (é)
A ..(3.1)

p. is always rounded up to the next integer. The spacing of each
consecutive pair would be 1/4 of the preceding one, and that of the central
pair < A to resolve the left/right ambiguity of the sum pattern. In fact, this
last remaining ambiguity is solved by the anti-symmetry of the difference
pattern. Fig. 3-2 shows the sign bit patterns of 3 collinear symmetric-pairs
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with E and A processing. The average cone width for such an
arrangement is defined as:

1 KX
P™4@aa) 44 (3.2)

With d =16 the calculated average cone width is 2.8°.

Three mutual orthogonal sets of collinear pairs are used for direction
finding. They produce three cones of common apex, but on mutually
orthogonal axes, and these cones intersect to form a single pencil beam in
the required direction. Its cross section is represented by the intersection
of three annular zones on the surface of a sphere (Fig. 3-3). Due to the
symmetry inherent to the symmetric-pair direction finding principle, it is
possible to provide almost constant accuracy over the entire 3D space (see
section 3.5.).

Direction of
arrival

Figure 3-3: Intersection of the cones of three unambiguous mutually

orthogonal symmetric-pair arrangements



3.3. Improvement of the DF Accuracy for a given Array Geometry 53

It should also be mentioned that two orthogonal axes are already
sufficient for unambiguous DF over one hemisphere, since the remaining
ambiguity is always in the other hemisphere, as can be seen in Fig. 3-3.

In practice, there may be considerable problems to build a system
with three mutual orthogonal pairs with spacings <A (needed for
ambiguity resolution) plus the reference element in the centre of the array
without having considerable obscuration due to the elements themselves
and their feed networks. This problem can be avoided by relocating at least
one of; Llle collinear axes. Each axis can work independently as long as it
has a'reference element. Knowing the exact location of all three axes, it is
possible to take this into account for the calculation of the angles of
arrival. If the signal source is far enough away, the error due to the
distribution of the axes will be negligible. Table 3-1 shows the maximum
DF error as a function of the spacing of two phase centres and the distance

between the DF array and the source.

Max DF error due to the offset [arcsin (1/r)] 0.1° 0.2° 0.3° 0.4° 0.5° 1.0°

_ Distance between source and DF array
Distance between the two phase centres

573 286 191 143 115 57

Table 3-1: Maximum DF error due to dislocated collinear axes

3.3. IMPROVEMENT OF THE DIRECTION FINDING ACCURACY FOR
A GIVEN ARRAY GEOMETRY

The accuracy of this type of DF system can obviously be improved by
adding extra antenna pairs with larger spacings. However, quite often the
dimensions of the resulting system would simply be too large, or it would
not be possible to achieve the mechanical rigidity of the structure required
for reliable operation. It is therefore desirable to have techniques available
that enhance the DF accuracy of a symmetric-pair array without
enlarging the array size. Two possible options will be discussed in the
following sections; the first method uses equal and opposite phase shifts,
whereas the second technique specifically exploits properties of the X and
A signals.
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3.3.1. Equal and opposite phase shifts

The idea behind this technique is that equal and opposite phase shifts
at the elements of a symmetric-pair shift the phase transition angles and
hence the bit pattern of the pair (see chapter 2). The accuracy of the DF
system can therefore be improved by measuring and processing the signs
of a symmetric-pair for different well defined phase shifts. Fig. 3-4 shows
an arrangement, which allows the simultaneous extraction of 4 bits of DF
information from one pair. The first two bits of information are given by
the signs of the X and A signal for 0° phase shift, and the third bit can be
obtained by combining the X and A of the +45° phase shifted signals with
an Exclusive-OR operation. To extract the fourth bit, the sums and
differences of the +22.5° and -22.5° shifted signals must be combined using |
three Exclusive-OR operations, as shown in Fig. 3-4. The corresponding
sign bit patterns are given in Fig. 3-5. As can be seen, positive phase shifts
at the reference element move the sign bit pattern to the left, and negative
phase shifts move it to the right.

The extraction of DF information from one pair can either be done by
parallel or sequential processing. The former allows to take bearings of
signals which are present for only a short period of time. Since the signal
is binary, 271 measurements are needed to extract n bits of information
from one pair with this kind of processing. Each positive and negative
sector of the pair output signal will be subdivided into 271 subsections,
and the polarity of the extracted n bits can be obtained with simple logic,
as shown in Fig. 3-5. However, the drawback of parallel processing is that
considerably more hardware is needed to provide all the required signals
simultaneously. By using 180° hybrids instead of power combiners to
process the signals, as in Fig. 3-4, the number of required fixed phase
shifters can be halved. This is because the bit patterns at the output of a
hybrid are equivalent to those generated for a phase shift of A¢ (Z port
signal) and A¢ - n/2 (A port signal) at the reference element of the pair.

If time is no limiting factor, intelligent sequential processing can be
used to reduce the number of measurements. After each measurement,
the required phase shift must be calculated, to subdivide the subsector
identified through the previous measurement. Using this approach, only
n measurements are necessary to extract n bits and the hardware
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expenditure is much less. Just one hybrid and a set of digital phase
shifters are needed.

The phase shifters can either be switched line phase shifters, which
are rather narrow band, or vector modulators. The latter are broadband,
but have the disadvantage of an insertion loss of about 6 dB [Bre 90].

The extraction of more bits of DF information from one pair allows
larger differences in the spacing of consecutive pairs in a collinear
arrangement. Each pair now selects 1/2™ of the total solid angle, where n
is the number of bits extracted. (This is strictly speaking just an
approximation for large spacings, since the endfire sectors cannot always
be subdivided into 2"-1 subsections, dependent on the element spacing.) As
a result, the spacing of each supplementary pair is now 1/2" of the
preceding one. Thus the number of pairs p, for a collinear unambiguous
configuration is:

Pc = 1 +logyn (d/A) = 1 + (1/n) logy, (/M) ...(3.3)
The average subsection or cone width for a given number of bits
becomes now:

A
p= d 2" ...(3.4)

The last two equations obviously only depend on the number of
extracted bits and not on the processing method, be it equal and opposite
phase shifts or enhanced X and A processing. The following table
summarises the relationship between the number of extracted bits of DF
information and the spacing of consecutive pairs in a collinear
arrangement. It also gives the relevant details for equal and opposite
phase shift processing.

It should be noted that the values given in Table 3-2 for the inter-pair
spacing in an unambiguous collinear arrangement are theoretical ideal
spacings. In practice, however, the spacing between successive pairs will
be less to cater for imperfections and additional ambiguities due to the
employed processing method, as will be discussed in chapter 4.
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Number Spacing for an Settings of the Hybrids for
of bits unambiguous phase shifter at the | parallel
extracted| collinear arrangement reference element | processing
2 1/4 of the\ preceding pair 0° 1
3 1/8 of the1 preceding pair 0°, +45° 2
4  [1/16 of the| preceding pair 0°, +45°, 4

+22.5°, -22.5°

Table 3-2: Relationship between the number of bits extractable from one
symmetric-pair and the corresponding inter-pair spacing

3.3.2. Enhanced X and A processing

Two techniques for enhanced X and A processing will be introduced in
this section. Both of them only allow to extract a maximum of three bits of
DF information, whereas the previous technique has theoretically no
limitations.

The first method exploits that the difference and the sum of the £ and
A signals of a pair is equivalent to the output of a pair with equal and
opposite phase shifts of £45° at the reference element (recall eqn. 2.6). With
eqn. (2.2) and eqn. (2.3) from chapter 2, and ignoring the respective
angular frequency terms, the X - A signal can be written as:

Ve, = 715(«/—2_V cos¢-«/§Vsin¢) =2V cos(¢ + n/4)

..(3.52)
and the X + A signal is then equal to:
1
Via = V2V cos ¢ ++/2V sin ¢) = V2V cos(¢ — /4
o= 75 ) (#-m4) .(3.5b)

These two signals can be generated by feeding the X and A output of a
symmetric pair into another hybrid after compensating the inherent 90°
phase difference. Fig. 3-5 shows\%%rresponding bit pattern and Fig. 3-6 the
block diagram. Due to the absence of the 45° phase shifters, the system is
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/Elements\!\ now very broadband, and the frequency
! ~ ] ! range of the hybrid or the bandwidth of the
antenna elements remain the limiting
\ factors.

The second processing technique uses
the amplitude information provided by the
\ and A signals of the hybrid. The pattern
| I defined by the sign of IZ| - IAl is similar to

2 A I+A ZA that of the X pattern but of half the zone
Figure 3-6: Generation of  width. A third bit of information can now
% 4 T+Aand TAsignals  Ggiracted (beside the T and A bit), which

allows to select 1/8 of the total solid angle
with a single pair. This technique is also very broadband, and it should be
noted that neither amplitude nor symmetrical phase errors affect the
position of the sign transition of the third bit. With eqn (2.16) and its
equivalent for the difference signal, it can be shown that the transition
angles remain the same for amplitude errors, though, the amplitude
values at the crossover points depend on the magnitude of the amplitude
error.

3.4. ALGORITHMS FOR DIRECTION FINDING WITH SYMMETRIC-
PAIRS

3.4.1. Outline of the procedure

The binary information provided by a symmetric-pair DF array
contains the elevation and azimuth angle of the signal under
consideration. The following section will show how to calculate these two
parameters from the bit pattern.

A convenient way of extracting the angular information is to process
the signals of two unambiguous axes at a time. The intersection of two
cones defines the angle of arrival with one ambiguity, as previously
illustrated in Fig. 3-3. This remaining ambiguity can be resolved with the
additional information provided by a third axis. The minimum number of
axes for unambiguous 3D direction finding is therefore three.
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In order to calculate the angle of arrival, the following procedure

must be adopted:

@)

(2)

6))

4)

6]

®)

(7

Identify for each collinear axis the cone (or subsection) that is defined
by the binary information of the symmetric-pairs (see Fig. 3-5).

Calculate for each axis the angles ¢.oner, Which describe the
boundaries of each cone (Fig. 3-7).

Choose a pair of axes and test whether the rims of the two relevant
cones can intersect with each other.

Calculate the elevation and azimuth angles for each possible
intersection in a local coordinate system, which is defined with the
help of the two axes under consideration. Determine dummy
intersection angles, if less than four intersections are possible. (This
happens for signals with low elevation relative to the plane defined by
the two axes.)

Transform the intersection angles into the reference coordinate
system.

Repeat steps (3) to (5) for the other possible permutations and resolve
the last remaining ambiguity by comparing the calculated angles of
arrival.

Choose the intersection which covers the smallest solid angle and
derive the angle of arrival from it.

The first index denotes the axis, whereas
the second index refers to the boundary. In
the text, the second index is mostly omitted,

since the relevant paragraphs describe in
/ Axis1 general the intersection of the rims of two
Oconel,1 cones from different axes, which excludes
possible ambiguities.

Figure 3-7: Definition of the cone angles
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The simplest way to get good accuracy is to choose the intersection of
the narrowest cones to define the angle of incidence, as described in step 7
of the DF procedure. The area defined for the angle of incidence with this
technique can sometimes be further reduced by exploiting the information
provided by the cones from the remaining axes. However, this is very
much dependent on the angle of arrival and the array geometry, and the
improvement in accuracy is normally not such that the additional
computing power needed for the relevant calculations would be justified.

Some of the steps of the DF algorithm outlined above are self-
explanatory and can be implemented using formulae presented so far in
this thesis. However, steps 3, 4 and 5 require more explanation and are
therefore described in some detail in the next sections. To keep the
algorithms as general as possible, any orientation of the axes of the DF
array is allowed in the following analysis. In the case of three mutually
orthogonal axes, some of the calculations will be significantly simplified.

3.4.2. Test for possible intersection of the rims of two cones

To examine whether it is possible to intersect the rims of two different
cones, both cone angles per axis and the angle between the two axes must
be known. The former angles have already been obtained in step two of the
DF algorithm, whereas the latter one remains to be calculated.

The position of each axis in the DF reference coordinate system can be
described in spherical DF coordinates. (This means that azimuth and
elevation are defined as necessary for direction finding, see section 3.1. As
a consequence, the cartesian system in the reference system will be a left
hand system with x pointing to north and z to 90° elevation):

axis 1: o, €,
axis 2: a,, €,

where:
0° < ¢ < 360° and -90° <€ <£90°
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With
X, = COS O COS €, ...(3.6a)
¥, = sin oy, cos &, ...(3.6b)
Z, = sin g, ...(3.6¢)

the coordinates of the two axes can be transformed into cartesian
coordinates. The index k describes the kth axis. The x, y, z coordinates
describe the points where the axes pierce the surface of a unit sphere. The
distance 1 between these two points is given by:

2

1=y(x, %, + (3, -5, +(2 - 2) -(3.7)

Using a formula for triangle calculations [Bro 83], the wanted angle y
between the two axes under consideration is equal to:

2
Y= 2arccoswﬂl—-1-—
4 ...(3.8)

All necessary parameters for the intersection test are now known.
Tables 3-3a and 3-3b show the conditions to be satisfied by the cone angles
in order to allow intersection of the cones. The hatched areas in the
pictures describe the hemisphere in which the cone of each axis lies, and
the region, defined by the intersection of the two hatched areas defines
where the intersection will take place. The sketches in the last column of
each table describe what would happen if the conditions for the
intersection of two cones were not fulfilled. Intersection of the two relevant
cones is impossible if none of the conditions listed in both tables can be
fulfilled.

3.4.3. Calculation of the cone-cone intersections in the local coordinate
system

After identification of the possible intersections, it is necessary to
calculate their coordinates. In order to do this, it is convenient to
introduce a local coordinate system that allows the description of the
intersections in terms of a local azimuth and elevation angle. This
coordinate system is
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Angle between the axes: y < 90'

: cancel out

#oorel —90° and (o2 —00"

Axis 1
Y

Axis 2

Aoonel ~ 90° and <)o —90

ifthe conditions
are not fulfilled

Conditions for
intersection

<Sant
"conel + "cone2 —T°

and

"conel - 4cone21—Y

Axis 1 180° -(})D’d
Axis 2
<Nooed) + P2 > A'Y A
18 Juoe * Y
4)oonel > 90° andbcone2 > 90°
Axis 1
r Axis2 -oeonel) + (180 <tgy ) »
and 180° -0cne
I -beonel) " "Yoor? )| —Y
180° {)aord
"conel —90° and (J)oae2 * 90
Axis 1
Axis 2
"conel + "Ocone2 ) — Y
180" Hae

Table 3-3a: Conditions for the possible intersection ofthe rims of

two cones for y <90°

Situations which arise
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Angle between the axes: y > 90" Situations which arise

Conditions for ifthe conditions
: cancel out intersection are not fulfilled
4oond —90 and Ocone2 —90*
Axis 1
Aconel + 4)cone2 —Y
Axis 2 (od
o
“conel > 90° and )2 —0* 180° {bmd
Axis 1
Y {(toel) + <t >~ T

and
A | (180° <poord) - can| A 180° -7

180° <
“conel * 90 and )2 * 90
Axis 1
180° (par2
(180 ° -<t>comel) + (180° -<l)cone2') * Y
Axis 2
180° -Qad
~conel —90° and (j)cone2 A 90°
I Axis 1 180° -0@m2
~conel + -doox? )— Y
and
I - (£80° - 180° -
Aoonel - (£80° {{oonc) Y18 gue

Table 3-3b: Conditions for the possible intersection ofthe rims of
two cones for y >90°
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given by the two element axes £ and n which define the azimuth plane,
and the azimuth angle is counted clockwise from the £ axis. The elevation
is as usual defined relative to the azimuth plane. The derivation of the
elevation and azimuth angles of the intersections in the local coordinate
system is given in Appendix 2. The local azimuth angle oy is then defined
as follows (eqn. (A2.10)):

cos(¢cone2 ) ~ cos(¢cone1 ) COS(Y))

o, = arctan .
14 ( Sln('Y) cos(q)conel)

...(3.9)

where ¢, and ¢_,., are the cone angles of the two intersecting rims and y
the angle between axes & and n. To get the correct azimuth angle, the
ambiguity of the arctangent has to be taken into account. The two possible
elevation angles €,, per intersection are given by (eqn. (A2.8)):

. 2 CO8(Oonez) = COS(Oeoner ) c0S(¥) }
€y, = £arcsin (s1n(¢conel)) - o)
sy ..(3.10)

When the incident signal has very low elevation relative to the plane
defined by the two axes, up to three out of four possible intersections might
not be possible, as shown in Fig. 3-8. This entails most of the time a rather
large cross sectional area of the two cones, which makes them unusable
for accuracy evaluations. However, the intersections can still be used to
resolve ambiguities if dummy intersection angles are introduced (see Fig.
3-8). The following rules define how to choose the correct cone angle as
dummy intersection angle:

(1) Three intersections were possible:
Dummies are the cone angles which are just involved in one of the
three intersections (or not in two intersections).

(2) Two intersections were possible:
Dummies are the cone angles which were only involved in one
intersection (or not in two and not in no intersection).

(3) One intersection was possible:
Dummies are the cone angles which were involved in the possible
intersection (or not involved in no intersection).
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1 examples for the i ion of con

4 intersections possible:

R

3 intersections possible:

2 intersections possible:

1 intersection possible:

S

+ : possible intersection o : dummy intersection

Figure 3-8: Possible intersections of cones
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With these additional dummy angles, the areas defined by the
intersection of two cones have approximately the shape of a triangle, a
quadrangle or a pentagon (see Fig. 3-8). It should also be noted that the
intersections of an endfire beam and a cone cannot be used for accuracy
evaluations. This is due to the unfavourable shape of these intersections.

Having calculated the coordinates of all possible intersections and
worked out the necessary dummy angles, it is now possible to transform
the data into the reference system.

3.4.4. Coordinate transformation into the reference system and
calculation of the angle of arrival

For this transformation, a local coordinate system must be defined,
which is not necessarily cartesian but oblique. Using the two element axes
as £ and 1 axes (as in the previous section), the third axis { can be
calculated by computing the normalised vector product. { is orthogonal to
£ and n, and eqns. (3.11a-c) describe the third axis in the cartesian
reference system. The coordinates x,, y,, z, describe the point where the {
axis pierces the surface of a unit sphere:

x, =(y, 2, -2, y,)/ siny ..(3.11a)
¥, =(z, X, - X, z,)/ siny ...(3.11b)
z,=(x,y,-y, X,)/ siny ..(3.11¢)

where X,,,,¥,,,, 2, are the coordinates of the vectors of the two element axes
in the cartesian reference system and y the angle between them. The three
axes form a left-hand coordinate system. Having defined the oblique
coordinate system, it is possible to express the coordinates of the
intersections in the &, n, { system:

&, = cos(a,) cos(g,) ...(3.12a)
m; = cos(y - o,) cos(g,) ...(3.12b)
Ci = sin(e‘) ...(3.12¢)

The index i describes the ith intersection.
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For the coordinate transformation from the local oblique system to the
cartesian reference system, all direction cosines must be known [Bel 31].
With eqns (3.6) to (3.8), it is possible to calculate the angles between the
coordinate axes which are required for the determination of the direction
cosines. The equations for the transformation into the cartesian reference
system are the following:

_— (mzna —mgn, )&l + (lsnz -Ln, )ni + (lzma -1l;m, )Cl

’ DET ...(3.13a)
y, = (m3n1 “m1na)§i + (llna —-1;n, )ﬂi + (13m1 - 11m3)Ci

1 DET ...(3.13b)
7. = (m,n, —m,n, )& +(1;n, ~1iny )N, +(1Im, —1,m, )§;

1 DET ...(3.13c¢)
with:

DET =1m,n, + mn,l, +n,l,m; +nm,l, + m,;I,n, +In,m,

The variables1,, m, and n, are direction cosines as defined in Table 3-4.

Direction cosine| reference system
between axis X y v
1 m n
local oo
oblique n I mo no
system
I3 mg nj

Table 3-4: Definition of the different direction cosines

The intersection of the two cones is now expressed in the cartesian
reference system and can be transformed into spherical DF coordinates as
follows:

g; = arcsin(z;) ...(3.14a)
a; -arcsm( )
sin(e ...(3.14b)
or:
o —arccos( 4 J
cos(€) ...(3.14¢)
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Dependent on the values of x; and y;, eqn (3.14b) or (3.14¢) must be used
respectively.

The possible regions for the angle of arrival can now be identified by
applying this procedure to all feasible intersections of the cones of the two
collinear axes under consideration. The remaining ambiguity is resolved
with the information provided by a second pair of axes. The centre of the
thus defined region for the angle of arrival is then the value of the bearing.

3.5. SYSTEM INHERENT LIMITATIONS ON THE DIRECTION
FINDING ACCURACY

As long as the systematic errors can be kept low, all conventional DF
systems have for a single signal,in theory, high accuracy in azimuth and,
provided the applied DF technique allows it, also in elevation. Due to its
quasi binary signals, an error-free symmetric-pair system has certain
unavoidable tolerances in the azimuth and elevation bearings. However,
by choosing an appropriate array configuration, these system inherent
inaccuracies can be kept very small. The purpose of this section is to
investigate these intrinsic DF errors of an ideal symmetric-pair direction
finder.

After resolution of the ambiguities, the angle of arrival is established
in a symmetric-pair DF system by intersecting the two most favourable
cones, as described in section 3.2. The shape of this intersection defines
the corresponding azimuth and elevation errors. These system inherent
errors can be described with the following parameters:

(1) Solid angle of the area defined by the intersection of the two cones.

(2) Maximum width of this region in azimuth. (The maximum azimuth
error is then defined as + half the width, see also Fig. 3-12.)

(3) Maximum width of this region in elevation. (The maximum elevation
error is then defined as + half the width, see also Fig. 3-12.)

(4) RMS value of the maximum azimuth and elevation error as defined
in (2) and (3).
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In fact, solid angle and maximum azimuth and elevation error define
the inaccuracies quite comprehensively, while the RMS error parameter
just gives supplementary information.

Due to the nature of symmetric-pairs, it is obvious that the highest
accuracy will be achieved for signals coming from directions that are
normal to a plane, defined by two of the collinear axes. (In an orthogonal
system, this will be the direction of the third axis.) For these angles of
incidence, two very narrow cones intersect and give high accuracy,
whereas the third cone is just used to resolve the last ambiguity. If the
angles of arrival are close to the plane of the two collinear axes, another
set of axes should be used to achieve high accuracy.

a,b: pair of axes that gives the highest
accuracy for the area

; areas, covered by two pairs with
similar accuracy

0 :Corners of a cube, which is within
the sphere

Figure 3-9 Areas where pairs of axes of an orthogonal system yield the

highest accuracy

For the case of three mutuallyorthogonal axes. Fig. 3-9 shows which
pair of axes gives the best accuracy for which angles of incidence. The
points used to define the border between the different areas are the corners
of a cube which lies within the sphere. Table 3-5 presents the angles of
arrival that are covered by each pair. The azimuth and elevation angles of
the corners of the cube can be calculated using the relevant geometrical
relationships as illustrated in Fig. 3-10.
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Pair of
Areas\8X¢$ X,y y,z X,z
covered
0° to 360° 315° (-45°) to 45° 45° t0 135°
€ 35.3° to 90° -35.3° to 35.3° -35.3° to 35.3°
— and
0° to 360° 135° to 225° 225° to 315°
€ -90° to -35.3° -35.3° to 35.3° -35.3° to 35.3°

Table 3-5: Areas covered by a pair of axes for accuracy evaluations

Centre of 11

1 o
thecube\\\ 4 =>ss=arctan—\/—§ =35.26

wa

X~

|____Centre of the
face of the cube

X ) X
qp-"_y-z-\\?g‘

—
—— S

~l_

Figure 3-10: Geometrical relationships within the cube

3.5.1. Accuracy of an orthogonal system

The first configuration examined is a set of three mutualjorthogonal
axes with a maximu‘r’;f\;gs‘éi:ing of 32 A and simple sum processing. (The
same result could be obtained with smaller maximum spacings if more
sophisticated processing was used.) Since the spherical coordinate system
that defines the azimuth and elevation angle does not support the 3D
symmetry of the arrangement as a cartesian system would do, different

pairs of axes yield different graphs.

Figs. 3-11a-d show plots of the four parameters that describe the
system-inherent errors for angles of incidence with azimuth angles
between 0° and 360° and elevation angles between 30° and 90°. The
information provided by the x and y axis can be used to calculate the
inaccuracies for this range of angles of arrival (see Table 3-5). The
maximum azimuth and elevation errors can be evaluated from the
coordinates of the intersections of the rims of the two cones. Since the
azimuth information loses its relevance with increasing elevation, the
azimuth error data of all plots in this document are tapered with a cos(g)
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term to take this into account. The following surface integral must be
solved to calculate the exact solid angle covered by each intersection:

y
1
T—dxdy

Where x,,, and y,,, are the projections of the cone angles on the
relevant element axes (e.g.: X, = €08({,; ;) ). After some manipulation (see
Appendix 3), the following solution for the integral can be obtained:

Jlf:ﬁ—y—:-dxdy—

Y1 X%

y arcsm +22 oresinl X Xy —1-2y,% + 1arcsm (x22 +1)(1"}’22)—2X22 _
2 \ Vl 2% 2 I —1| (1_y22)lx22 _ll
y, arcsin +£2—arcsm( “-1-2y," \+larcsin (x22 +1)(1—y12)—2x22 -
| @1 A W I I W T i
¥, arcsin )+§-1-arcsm (___-_1._2_5’_2_\ +larcsin((x12 + 1)(1 - y22)— 2x,2 ) .
\ ;1 v ) 2 \ | _1| 2 L (1—y22)|x12 —1| )

2 .2\ oy 2
¥, arcsin| ——sk +2L arcsin Lzyl +1arcsm (XI +1)(12 YIz) >
V1-v") 2 x® -1 (1-3:%)x® -1

...(3-14)
where: |...| means absolute value

This is a rather lengthy expression and in order to save computing
time, the calculation of the solid angle was somewhat simplified for the
simulation program. Since the areas of intersection are very small for
large spacings, they can be considered as being plane and the bounds can
be approximated by straight lines between the intersections of the cones.
This simplifies the calculation and also allows us to evaluate the solid
angle defined by the intersection of two cones which are not generated by
orthogonal axes. Furthermore it is possible to calculate with this
approach the area of intersection for cases where less than four cone
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(a) Solid angle covered
by each intersection

%

(b) Maximum azimuth error

Figure 3-11: System inherent DF errors for 0 °" 360°and 30°£ e <90’
using the x and y axes for the accuracy evaluations
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(c) Maximum elevation error

(d) Maximum RMS error

Figure 3-11: System inherent DF errors for 0°<a<360°and 30°<e< 90’
using the x and y axes for the accuracy evaluations
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intersections are possible. A polygon can be defined with the additional
dummy angles, and its area is calculated by subdividing it into triangular
sectors whose areas can be readily evaluated. For a spacing of 32 A of the
outer pairs and sum processing, the difference between the exact and
approximated value of the solid angle for four possible intersections was
less than 2%, which confirms the validity of the simplified computations.

The solid angle covered by each intersection remains virtually
constant for different azimuth angles at constant elevation, as shown in
Fig. 3-11a. To explain this, it is useful to imagine the contour of the sphere
projected into the plane which contains the two element axes (see Fig. 3-
12). The sign zones of the two orthogonal pairs cut the surface of the
sphere into squares (or oblongs, if they have different spacings) of equal
size, and all angles of incidence with the same elevation angle € lie on a
circle with radius cos €. Thus, the areas defined by the intersection of the
cones for a certain elevation angle have virtually the same gradient on the
surface of the sphere, which results in approximately the same solid
angle. Comparison of Fig. 3-11b and Fig. 3-11c shows that the azimuth
and elevation error have maxima and minima for the same azimuth
angles, which is due to the contour of the intersections. Fig. 3-13
illustrates how their approximate shape changes for different azimuth
angles from a square to a diamond and back again to a square, all with
the same area. This explains why the solid angle covered by the
intersection remains virtually constant, despite the fact that the
maximum azimuth and elevation error grow and decrease
simultaneously.

p=

Circle of constant elevation

--------- : Projected rim of a cone
generated by the pair
on the x axis

X

T
)
1
]
[}

' ——ee : Projected rim of a cone
N\
,

/ generated by the pair
'y D4 \ on the y axis
~N Projected shape

of the sphere

\_/

<

f

Figure 3-12: Projection of the sphere into the plane of the two element
axes
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Maximum Maximum
azimuth error azimuth error
* — f— —>
Maximum
elevation error . X
? Maximum
elevation error
Azimuth angle: 0° 45° 90°

Figure 3-13: Shape of the intersection areas

In Figs. 3-14a-d, the four error parameters are shown for azimuth
angles from 45° to 135° and elevation angles between -45° and +45°. This
time, the x and z axes are used for the accuracy calculations, and the
largest spacing of the pairs of each axis was again 32 A. The graph for the
solid angle (Fig. 3-14a) shows nicely that the best accuracy (or smallest
solid angle) is obtained for a direction normal to the two axes, which is in
this case along the y axis (a = 90°, € = 0°). It should be noted that the
constant value of the maximum azimuth error (Fig. 3-14b) for an azimuth
angle of 90° is due to the fact that this represents the width of the boresight
disc generated by the pair on the x axes, which obviously remains
constant for different elevation angles. The maximum elevation error
(Fig. 3-14c¢) is in this arrangement equivalent to the thickness of the cones
generated by the pair on the z axis and is therefore independent of the
azimuth angle. The cones are narrow for elevation around 0° and grow for
increasing elevation angles.

Using the y and z axes for accuracy evaluations, similar plots to the
ones for the x and z axes. are obtained This is because the axes of the two
systems just differ by a 90° offset in azimuth.

These simulations also show that the maximum variation in the
accuracy of an orthogonal symmetric-pair DF system is only 2 for
azimuth and elevation errors, and a factor of 2 for the corresponding solid
angle over the entire 3D space. The system yields the worst accuracy at
points which are represented by the corners of the cube within the sphere
(Fig. 3-9).

It should be mentioned, that the algorithms derived in section 3.4 are
used in the computer simulations. The programs have been written in
Fortran and run on a Macintosh™ computer.
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[

(a) Solid angle covered
by each intersection

(b) Maximum azimuth error

Figure 3-14: System inherent DF errors for 45° <a< 135 °and -45°<e <45
using the x and z axes for the accuracy evaluations
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(c) Maximum elevation error

(d) Maximum RMS error

Figure 3-14: System inherent DF errors for 45° <a< 135°and -45°< e<45°
using the x and z axes for the accuracy evaluations
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3.5.2. Accuracy of an oblique system

A system with three orthogonal axes allows symmetrical and
uniform coverage of the 3 dimensional space. The next symmetrical
arrangement in 3D with more than 3 axes would be a system with 7 axes,
where the additional four axes are the diagonals of a cube, whose centre is
the origin of a cartesian system. However, this arrangement will just
enhance the overall accuracy if more complicated processing is used, i.e.
more than just the information of the most favourable pair of axes is used
for the accuracy calculations. A system with three mutually orthogonal
axes is otherwise the optimum configuration.

In order to demonstrate this, simulations of the system inherent
errors of a symmetric-pair system with an angle between the two element
axes of less than 90° were carried out. Since the main objective is to
demonstrate the tendency of the errors, smaller sets of data have been
used. Figs. 3-15a-f show the change of the maximum azimuth error as a
function of the angle between the two element axes. Both axes lie in the
azimuth plane, whereas one of them is at 0° azimuth and the pair spacing
is again 32 A. It can clearly be seen the metamorphosis from a quadrant
symmetrical error to an error that is just symmetrical to a hemisphere
and steadily growing for smaller angles between the axes. If the two axes
coincide (y = 0°), the azimuth error would be equivalent to the cone width of
the two pairs. The maximum azimuth error at 0° and 180° would be the
endfire beamwidth of the pair and the error at +90° would be the
beamwidth of the broadside disc. Figs. 3-16a and 3-16b show the increase
in the solid angle covered by each intersection. The elevation error for
different yis presented in Figs. 3-17a and 3-17b. For the unrealistic case of
Yy = 0° the elevation error would be +90°, which would make any
discrimination in elevation impossible.

The computer simulations show clearly that any spacing between the
element axes other than 90° would entail a less accurate DF system, if just
the information provided by two collinear axes was used for the
determination of the angle of incidence. The recommended structure for a
3D DF system is therefore one with three mutually orthogonal axes,
because this preserves the simplicity of the symmetric-pair approach and
keeps the processing hard- and software at a reasonable level.
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(a) Y= 90" (b) Y=75
©) Y= 60 d) Y=45
(e) Y=30' (f) Y= 15

Figure 3-15: Maximum azimuth error for different angles y between the
element axes (both axes in the azimuth plane)
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(a) Y=90

8

b) Y=15 5

Figure 3-16: Solid angle covered by the intersection for different angles y
between the element axes ( both axes in the azimuth plane)

k (a) Y=90'

(b) Y=15'

Figure 3-17: Maximum elevation error for different angles y between the
element axes (both axes in the azimuth plane)
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3.6. EFFECTS OF MUTUAL COUPLING, ELEMENT OBSCURATION
AND HARDWARE IMPERFECTIONS ON THE DF ACCURACY

_ The influence of system inherent errors on the DF accuracy of an
ideal symmetric-pair direction finder was investigated in the previous
section. However, additional problems caused by hardware imperfections,
mutual coupling between antenna elements and obscuration by
neighbouring elements are present in a real system. This section tries to
assess the impact of these systematic errors on the DF accuracy of the
system.

Scattering parameters ['S-parameters'] are used in the error model,
because the necessary data can conveniently be obtained in this format
[Gri 90]. Each of the error sources is represented by a separate matrix as
shown in Fig. 3-18.

1 1 1 1
F11 F 12 i o M11 M12 E 0 G( 9)11 G(6),, :

| Fy | Fpp | n My [M| L |Ge),|Go,) b

ap F ap, am M am: g G(6) Ag,=

by br_ _bPw by, _ba b,

Feed network Mutual coupling Individual element
M. =M. _=1I patterns for a certain

12 2 angle of incidence

M_=0
2 G(0),, =G(0),.= 0
where: I = Identity matrix 11 = G(8)y

0 = Zero matrix
y = vector of the incident signal

ar,=bm,; am=br, am,=ba;; ag,=bwm,

Figure 3-18: Matrix representation of the systematic errors of a
symmetric-pair direction finder

Matrix F is a (m+n)x(m+n) matrix, where m is the number of outputs
of the feed network and n is the number of antenna elements. This matrix
represents the imperfect feed network. The effects of mutual coupling are
taken into account in matrix M, which is of size (2n)x(2n). It should be
noted that the mutual coupling coefficients are solely dependent on the
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array geometry and are independent of the angle of incidence of any
signal. The actual element response of each individual active element in
the array (which includes obscuration by neighbouring radiators) is
represented by the matrix G(0), which is also of the size (2n)x(2n). The
values of this matrix depend on the angle of incidence 6. The vectors a,
and b, represent the waves travelling to and from a certain set of ports.
The incident signal is given by the vector y = [1 e¥1(® e¥2(®) . e¥nh_1®) ]t
where the first term represents the normalised phase and amplitude at thei
reference element. - _ . , ‘

3.6.1. The structure of the matrices F, M and G(0)

The form of the matrix F obviously depends on the method chosen to
process the signals of a pair. In this analysis, parallel £ and A processing
of the signals of each pair is assumed. The structure of the relevant
scattering matrix of a 180° hybrid is equal to: |

hiz hi2| hiz his 3 l I4
hi2 ho2| hes -hgs

H-= with:
hiz h2s| has has h
his -hos| h3s hys 1 2

Exploiting the reciprocity of the hybrid, the following parameters can
be obtained:

h,, = reflection coefficients

h,, = transmission coefficient between port 1 and port 3 or 4
h,, = transmission coefficient between port 2 and port 3 or 4
h,, = Isolation between port 1 and 2

XX

h,, = Isolation between port 3 and 4

The general structure of the matrix of the feed network for £ and A
processing is therefore:
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(T}, To )
h12 hzz 0 hzs _h-za O
hf, hf, h{, hj,
F= hfz hgz hga —hgs
T2 1 1 T2 1 1
G Ky
h13 —h23 O h34 h44 O
h?, b, hf, ki,
\ hy, —h3y h3, hi, ) ...(3-16)

where r,, are the elements of the scattering matrix R which takes the
imperfections of the reference signal path through the feed network into
account, and h,_* are the scattering parameters of the k** hybrid.

Mutual coupling will mainly affect the pairs with small spacings.
However, the symmetry of the structure will decrease the coupling effects,
as it was shown for an interferometer DF system with different
arrangements of the elements by Zhu [Zhu 90]. It is therefore sufficient
just to include the two inner pairs of each axis in the calculations, and to
assume that the coupling effects with the elements of all other pairs are
negligible. As an example, the mutual coupling matrix for a 2D
arrangement will be investigated, and a similar matrix can be obtained
for the 3D case. If the pattern of each element is omnidirectional in the
plane defined by the element axes and the array consists of passive
radiators, the following assumptions for the coupling coefficients can be
made due to the symmetry of the arrangement (see Fig. 3-19):

m,,

My, = Myz = My, = Mgy

Mgg = Moy = Mgg = Mgy

Myg1o = Myyyy = =My,

mp, =My =Mz = My =My = My =Mz =My
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My, = My, = Myz = My, = Myg = Mgy = My, = Mg
My; = Myy = My = My,

myg = Mg = M7 =My = Mg = Mg = My = Ny,
Mgg = Mgg = Mgy = Myg = IMpg = Mgy = IMgg = Mgy
Mgy = Myg = Mgg = Mgg

Myg = Mgy = Myg = Mgy = My; = Mgy = Mgy = Mgy
Myg = Mgy = Myg = Mgy = = Mgy =My = My =
Myg = Mgg = Mg = Mgy = Msg = Mgy = Mgy = Mg

|
g

My, = Mgy = Myg = Moy = Myg = Mgz = Mgg = Mgy

These coefficients are measured with all other elements of the array
terminated in matched loads.

8
4
[ ]
6o 2¢ ol o3 .7
5
S_) o: element

Figure 3-19: Arrangement of the central pairs for mutual coupling
calculations

For an n element passive array, the sub matrix M,, of the coupling
matrix M has then the following structure:

p
my,| My, My My, Myyf Myg Myg Myg Myg \

Mmyo| My Moz Moy Mgyl Mog Moy Myy Myg
My, My; My, My, Myl Moy Myg My My
myo| Myy Moy Moy Mgz Moy Myg My Myg
My, My, My My Myy| Myg My My, Mg

Mg Mgg Mgy Mgy Mgg| Mgg Mgy Mgy Mgy
Myg| My; Mgg Myg Mgg) Mgy Mgg Mgy Mgy
Mu= Mgl Mgg Mgy Mg Myy| Meg Mgy Mgg Mgy
Myg| Mog Mg Mgy Mgg| Mgy Mgy Mgy Mgg O

M0

\ M1y

..(3.17)
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M,, and M,, are identity matrices and M,, is a zero matrix. Dependent
on the operating bandwidth of the DF system and the type of antenna
elements, it may even be possible to consider only the coupling between the
two inner pairs and the reference element, which would simplify the sub
matrix M,,.

The reflection sub matrices G(0),, and G(8),, of G(6) are both zero
matrices and the individual element patterns for a certain angle 6 are
taken into account by the two transmission sub matrices G(8),, and G(6),,.
The elements of these matrices are zero apart from the main diagonal
elements which represent the individual element responses for a certain
angle. For passive elements, G(6),, equals G(6),,.

For the sake of clarity, two matrices were used to describe the effects
of mutual coupling and differing element responses. However, due to the
simplicity of some of the sub matrices, these two matrices can be
combined in matrix C, which now describes all imperfections of the
antenna system:

(M, 1G®)
¢= (G(éi;{__l G(e>l§) .(318)

3.6.2. Estimation of the DF error due to system imperfections

To get an idea of how much the accuracy of the DF system is affected
by systematic errors a worst case calculation was done. The system
considered has two orthogonal axes, and only the coupling between the
inner pairs of each axis and the reference element is taken into account.
The elements were assumed to be vertical dipoles. Since it is not known
how much the pattern of each element suffers from obscuration effects,
ideal omnidirectional antenna responses are assumed for these
calculations.

The values for the mutual impedance of two parallel dipoles as given
by Kraus are used as coupling coefficients between the elements [Kra 88].
These numbers represent a reasonable approximation for the worst case
calculation. Furthermore, it is assumed that the dipoles are reasonably
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matched, so that their self impedance (terminal impedance for the
isolated radiator) is close to 50Q. The values for the hybrid parameters are
taken from data sheets and are in this example the worst case figures for
an X-band hybrid.

The evaluation of the errors due to mutual coupling and an imperfect
feed network is shown in appendix 4. The calculations give the maximum
value by which the phase of the signal of each antenna element could be
changed due to systematic errors. Considering the signals of one pair,
this phase value can be split into two components. A certain portion of the
phase offset is equal and in the same direction for both elements, which is
caused by the coupling between the elements of the pair and all other
array elements. This effect causes an offset of the £ and A processed
signals relative to the reference phase. It does not affect the accuracy of
the DF system as long as this offset is smaller than £90° (see chapter
2.5.1.). The other part of the phase offset can act as an opposite phase shift
or also as an equally oriented component for the signals of each pair. The
former would affect the location of the phase transition angles. However,
it cannot be predicted whether the second portion of the phase offset acts
entirely as an opposite phase shift or not, because this depends on the
phase response of all components. As a worst case for the DF accuracy, it
is therefore assumed that the second type of phase offset is purely equal
and opposite. The coupling coefficients and the resulting maximum
errors for an arrangement with two orthogonal pairs spaced by A and
grouped around a reference element are shown in Table 3-6.

It can be seen that the maximum opposite phase error, which causes
a change of the phase transition angles and hence the DF error, is just
2.98° or 4.32° dependent on the reflection coefficient of the elements. Since
these values are absolute worst case figures, they are in good accordance
with the results quoted by Zhu [Zhu 90]. He calculates a maximum DF
error of 2.5° for a square four element dipole interferometer without
optimisation and 0.5 A element spacing. The rather large maximum
phase error at the reference element does not affect the bearing accuracy
of the system, since it is still possible to decide whether the signals are in
phase or anti-phase to each other as long as amplitude errors can be kept
low. The maximum amplitude differences of the signals at the element
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ports of the hybrid are relatively low, which in turn hardly affects the
system accuracy, as previously discussed in sections 2.5.2. and 2.5.3.

Maximum reflection coefficient at
the elements

| myx| =0.1 | myx| =0.2
Worst case coupling | myx| =0.1 | myy| =0.2
coefficients: | mig| =0.143 | myo| =0.169

| moy| =0.048 | mgy| =0.056

| m23| =0.017 l m23| =0.021
Maximum opposite o
phase error: 2.98° 4.32

Maximum deviation of the

phase of the Xor A pro- 3.48° 5.95°

cessed signal from the
ideal reference phase:

Maximum deviation of

the reference phase: 14.96° 19.1°
Maximum amplitude

difference at the element 0.90dB 1.82dB
ports of the hybrid:

Table 3-6:  Effects of systematic errors on the DF accuracy

It can be seen that the maximum opposite phase error, which causes

of the phase transition angles and hence the DF error, is just
2.98° or 4.32 endent on the reflection coefficient of the elements. Since
these values are abstlute worst case figures, they are in good accordance
with the results quoted by Zhu [Zhu 90]. He calculates a maximum DF
error of 2.5° for a square four etement dipole interferometer without
optimisation and 0.5 A element spacing~The rather large maximum
phase error at the reference element does not a the bearing accuracy
of the system, since it is still possible to decide whether signals are in
phase or anti-phase to each other as long as amplitude errors

low. The maximum amplitude differences of the signals at the ele
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ports—ef-the hybrid are relatively low, which in turn hardly affects the
system accuracy, as previously discussed in sections—2:5:2-—and-2.5.3.

A symmetric-pair DF system is therefore relatively robust against
errors introduced by mutual coupling and an imperfect feed network.
This is due to the symmetry of the arrangement and due to the binary
character of the output signals of each pair. These qualities decrease the
impact of systematic errors at the expense of a relatively large aperture
size of the system.

It should be recalled that mutual coupling just has an impact on the
phase transition angles of the inner pairs. As a result, just bearings
around the relevant phase transition angles suffer from mutual coupling
and the accuracy of the system is not affected for all other angles of
arrival.

3.7. PERFORMANCE UNDER MULTI-SIGNAL CONDITIONS

The ability of a DF system to cope with multiple co-channel signals
depends on its design and the angular separation of the signals. If the
signals are less than a beamwidth apart, conventional methods cannot
resolve them and superresolution techniques must be used [Hil 90].
Conventional multibeam DF systems can handle multi-signal conditions
if the signals are more than a beamwidth apart [Lip 87]. However, the
drawback of these systems is that they require a large number of receiver-
channels to allow instantaneous coverage of the entire field-of-view. Null
steering systems can also be used to cope with more than one incident
wave [Cve 88].

A symmetric-pair DF system, is just able to cope with one signal at a
time per frequency channel. Hence, it is only possible to determine the
angle of arrival simultaneously for a number of signals, when they are
distinguishable by their frequency and enough channels are available to
process them.

For signals from different directions which cannot be distinguished
by their frequency and/or modulation pattern, there is at present virtually
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no possibility of taking the bearing of two sources accurately without any a
priori knowledge of the location of one of the transmitters. If the location of
one of the sources is known, its contribution to the output signal of each
pair could be calculated and subtracted from it. It would then be possible
to determine the angle of arrival of the other signal. However, it will
involve substantial computing power in order to achieve this. The effect of
additional signals on the same frequency is a change of phase transition
angles. If the angle of incidence of the wanted signal is close to a subsector
boundary, the shift of the phase transition angles (and hence the subsector
boundaries) due to the presence of another signal can yield false bearings.

If the amplitudes of the two signals are very different, the
performance of the system is limited by the beamwidth and the grating
lobe pattern of each pair. It may well happen that the weaker signal,
received through the maximum of a lobe, masks the strong signal, which
comes from a direction which is close to the minimum of the grating
lobes. Thus it cannot be guaranteed that a symmetric-pair array can
separate signals which are more than a beamwidth apart. This, however,
is a restriction from which conventional beam-former arrays also suffer.
They cannot necessarily separate the signals because the stronger signal
received through the sidelobes may mask the weaker signal received
through the mainlobe of the combined array response.

3.8. PRACTICAL APPLICATIONS OF SYMMETRIC-PAIR DIRECTION
FINDING SYSTEMS

As has been shown in the previous sections, symmetric-pair antenna
arrays are capable of performing fully unambiguous direction finding
with high accuracy over the entire 3 dimensional space. The
configuration required consists of three mutual orthogonal collinear axes.

For a successful application of the symmetric-pair principle in DF it
is important to know the polarisation of the expected signals to be able to
choose the appropriate type of antenna elements. Since obscuration effects
from neighbouring elements should be kept to a minimum and there is
only limited space available, elements with large apertures are not suited
for the centre pairs, even if the third axis is dislocated.
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Symmetric-pair DF arrays with two axes give highest resolution in
the direction orthogonal to the two element axes. This property entails two
possible applications for this type of DF array:

(1) Mounted under the wings and fuselage of an aircraft, the system
could be readily used for surveillance of signals transmitted from the
ground.

(2) Using an upright system with two axes, this kind of direction finder
could be used as a landing aid at airports. Properly aligned, it gives
the best accuracy for the correct direction of approach, as is required
for fine corrections to aircraft direction of flight. The cruder accuracy
for all other directions is sufficient, since it is just used to guide the
aircraft onto the wanted course. |



4 DEVELOPMENT OF A SYMMETRIC-PAIR
DIRECTION FINDING SYSTEM

4.1. SCOPE OF THE PROBLEMS

The purpose of the previous chapter has been to outline the basic
techniques used for direction finding with symmetric-pair arrays. To focus
on the key principles, an idealised world with an infinitely strong CW signal
had been assumed. In practice, however, the signals under consideration
will have a certain bandwidth and only limited strength. To achieve
satisfactory performance of the DF system, these properties have to be
considered in the design. Hence, the following problems must be solved:

(1) As shown in chapter 3, the phase transition angles of a symmetric-pair
are given by the nulls of its grating lobe pattern. As a result,
unreasonably high signal-to-noise ratios would be required to
determine the sign of a received signal for angles of arrival close to
grating lobe nulls.

(2) Due to the frequency dependence of the phase transition angles (see
chapter 2, eqn. 2.8), strong broadband signals with angles of arrival
close to any phase transition angle would cause permanent change of
the polarity of the pair output (flickering). This would make it
impossible to determine the correct sign.

In view of the above problems, the following additional requirements for
the direction finding system can be specified:

(1) The system should operate safely above an acceptable minimum signal-
to-noise ratio, and it should indicate when the signal-to-noise ratio of
the received signal is too low.

(2) The system should be able to cope with broadband signals.
91
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4.2. INTRODUCTION OF THE ' DON'T KNOW'STATE

The exploration of the binary character of the processed symmetric-pair
output is sufficient to determine the angle of arrival, as long as the presence
of a strong CW signal can be assumed. However, as outlined above, it is
sometimes impossible to attribute one of the two states (in phase or anti-
phase) to the output signal of a pair. To solve this problem, the bi-phasal
output must be converted into a bipolar baseband signal (see chapter 4.4). A
bipolar threshold will then be used at baseband, so that the system only
responds in the presence of a signal and measurements are not corrupted by
noise. When the output amplitude of a symmetric-pair drops below the
predefined bipolar threshold levels (see Fig. 4-1), the polarity of the signal
cannot be determined, and the user does not know whether the pair output
is in phase or anti-phase with the reference signal. This third possibility,
the so called 'don't know' state, covers the areas around grating lobe nulls,
i.e. low output amplitudes. The '+' and '-' states in Fig. 4-1 indicate the
polarity of strong signals. Since the threshold level is usually fixed, the
width of the 'don't know' area depends on the magnitude of the received
signal. Weaker signals may not be strong enough to cross the threshold at
all, which means that their bearings cannot be taken.

) Amplitude
. Peak signal level
-Bipolar above threshold A
threshold \ Grating lobe
\ /.*\ 1 ; .,.\ / null /_'\ Donails.::mw
Oy I N T D\ W AN N
\/\\1\\\\\1 EYEYEYEYEIEY YWY YIRS EEYEYEYES v v v v s hov
Al \,\y“l\,\,\/\/\’irh \’\,\,\/\/\I "l’\’\, /\/\, /k\l\l\l\'\’\ﬁ’&’\’\’\’\’\’k’\,‘\I
1
N INA e
|
: i 1k b Py cos 6
v | | 1] | [ 1
Corresponding 1! L L b |
1 1
sign: X 1 X o IXI 1 X o X 1 X
[ 1 | o 1]
where: .
1 = in phase
0 = in anti-phase
X =don't know

Figure 4-1: Description of the ‘don’t know’ state

The idea behind this additional 'don't know' state is to permit
extraction of the same number of DF bits as under ideal conditions, but to
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reduce the minimum required signal-to-noise ratio tp acceptable Jevels fox
signals incident around phase transition angles. This objective can be
-achieved by exploring the fact that no defimitive answer, i.e. it is not known
whether the signal is in phase or anti-phase, can be useful information,
since it indicates that the angle of arrival of the received signal is around a
grating lobe null. It will later be shown that a more rigorous application of
the 'don't know' bit also allows us to deal with broadband signals around
phase transition angles.

The 'don't know' state technique can be applied in all cases where two
or more bits of information are extracted from a symmetric-pair. As shown
in section 3.3, 2™1 measurements are usually required to obtain n bits of DF
information from one symmetric-pair. Assuming the bipolar threshold is set
high enough, so that it cannot be crossed by noise, a signal is present when
at least one of the 271 measurements gives a determinate answer ('+' or '-').
Consequently, the minimum number of measurements required for
appropriate use of the 'don't know' state is two, which is equivalent to the
extraction of two bits of information. If only one bit was extracted from a
pair, it would be impossible in the event of a 'don't know' to cross-check for
the presence of a signal, since only one measurement is taken.

As previously indicated, the width of the 'don't know' zone depends on
the strength of the received signal. The weaker the signal, the wider the
zone. In all cases, the 'don't know' zone is centred around a grating lobe null,
which is equivalent to a phase transition angle. To make use of the 'don't
know' information in calculations, an unambiguous set of possible zone
widths has to be defined whereby, dependent on the angle of arrival and the
signal strength, always only one of them is applicable at a time. This
condition is met if the zone width is a multiple of the subsection width,
which in turn is defined by the number of bits extracted from a symmetric-
pair (see section 3.3, Fig. 3-5). The smallest 'don't know' zone is therefore
one subsection, the widest 27! - 1 subsections wide, where n is the number
of extracted bits. Fig. 4-2 illustrates this principle for a symmetric-pair with
2 A spacing, from which 3 bits of DF information are obtained. Fig. 4-2a
shows the bit pattern for a infinitely strong signal, i.e. the grating lobe nulls
do not pose any problem. In Fig. 4-2b, the 'don't know' zone is one
subsection, in Fig. 4-2c two and in Fig. 4-2d three subsections wide. It can
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Figure 4-2: '‘Don’t know’ zones for a symmetric-pair with 22 spacing and n=3
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be seen that in cases where the 'don't know' zone is an odd multiple of the
subsection width, the boresight subsection (cos 6 = 0) is centred around
‘boresight, for even multiples, a section beundary is at boresight.

The different widths of the 'don't know' zones can be related to the
necessary signal strength relative to the threshold. Eqn. 4.1 gives the
required peak signal level above threshold for which exactly i ‘don't knows'
occur during 2™1 measurements taken to extract n bits. (The peak signal
level is the maximum output of a symmetric-pair, see Fig. 4-1.)

Sy = —20Log(sin(i£n)) [dB]
2 (4.1)

where: 1 <i<2nl.gy

Eqn. 4.1 yields results for signal levels where the actual 'don't know'
zone is an exact multiple of a subsection (Fig. 4-2). For intermediate signal
levels, the extent of the zones varies between i and i+1 times the subsection
width, and either i or i+1 'don't knows' will appear, dependent on the angle
of arrival. As an example, Fig. 4-3 shows the true width of the 'don't know'
zones for a pair with 2 A spacing, n = 3 and a peak signal level above
threshold of 5 dB. It can clearly be seen that always either one or two 'don't
know' states will be recorded. As expected, two adjacent zones have together
the width of one subsection.

mmméh T el Ho r-A

r (8,=5.0dB)

Figure 4-3 True 'don’t know’ pattern for a pair with 2A spacing, n=3 and
Sr=5dB

In cases where no 'don't know' events occur, it is possible to obtain the n
bits of DF information using simple binary logic, as shown in section 3.3. As
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soon as 'don't knows' occur, this is impossible and look-up tables must be
used to relate the measured result to the required DF data.

To handle broadband signals with a symmetric-pair DF system, it is
useful to recall the principle behind the 'don't know' state. As show above, it
is possible to identify the correct subsection as long as at least one out of the
2n-1 measurements yields a definitive answer. This very measurement
indicates the subsection with the largest amplitude. Hence, it is possible to
discard the outputs of all other subsections, which are of smaller amplitude
and may be above or below the threshold, since they are not essential for
unambiguous identification.

Weak broadband signals that produce at least one 'don't know' event, do
not pose any problem to the system, since the pair output, which could cause
the flickering of the sign, has by definition the smallest amplitude and is
therefore well below the threshold. In the case of strong broadband signals,
the polarity of at least the weakest output has to be ignored to give accurate
results. To implement it, either flexible instead of fixed thresholds are
required or alternatively, methods involving amplitude measurements or
amplitude comparisons can be applied.

4.3. UNAMBIGUOUS SPACING OF COLLINEAR ANTENNA PAIRS

To resolve the ambiguities of a symmetric-pair with large spacing,
additional pairs with smaller spacings are needed. The pair with the
smallest spacing produces unambiguous readings, and the spacing of all
other pairs is such that each symmetric-pair resolves the additional
ambiguities of the subsequent one. This kind of grouping of symmetric-pairs
is called a collinear arrangement, since all antenna elements lie on one axis
(see section 3.2). In this section, it will be discussed by how much the
predicted ideal spacing between adjacent pairs must be reduced to allow for
the effects of imperfections, interference and the newly introduced 'don't
know' state.

The introduction of the 'don't know' state affects the spacing of the
centre pair, which is ideally 1 A. As demonstrated in Fig. 4-2, a subsection is
centred around boresight in cases where the extent of the 'don't know' zone
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1s an odd multiple ofthe subsection. This entails an unwanted ambiguity for
the central pair of a collinear arrangement, since both endfire subsections
(coso - *1) produce the same code for the ideal spacing of X To avoid this
ambiguity, the spacing has to be reduced to:

d

central on

2 (42)

where: n = number of extracted DF bits

As shown in section 3.3, successive symmetric-pairs in a collinear
arrangement have spacings that ideally differ by a factor of 1/2*. If this
factor is only slightly reduced to allow for imperfections, ambiguities occur.
Fig. 4-4 illustrates this for the case ofn =2;the corresponding subsections
are numbered for simplicity.

Ambiguityy”r 'subsection 2’ of pair la two possible 'subsections 4' of pair 2a

34 1|2|3|71|~31]4]|1]2] A a: with subsection boundary at boresight
41234112 b: with subsection centered at boresight

3 A a: with subsection boundary at boresight
b: with subsection centered at boresight

A cos 0
Figure 4-4: Ambiguities due to inter-pair spacing between 11(2" - 1) and
7/2"

To eliminate these ambiguities, the inter-pair spacing factor must be
reduced to 1/(2" -1). The spacing ofthe symmetric-pairs of an unambiguous
collinear arrangement is therefore:

where:
d* = the spacing ofthe pair
x> 1

These spacings must be calculated for the highest operating frequency
of the array, and there will be no ambiguities at lower frequencies. It may
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be necessary to reduce the actual spacings even further by a small amount,
to introduce an additional factor of safety. Experiments with a prototype
system will show whether this will be required.

Table 4-1 gives the theoretical average subsection widths of an
unambiguous symmetric-pair direction finder with quadrant or octant
selection and for different spacings. The values have been calculated using
eqn. 4.3 and eqn. 3.4. The average subsection width is slightly worse than
the average accuracy, since only the narrower cones will be used for
accuracy evaluations (see section 3.5).

Pair No. n=2 (quadrant selection) n=3 (octant selection)
Spacing |Average cone width | Spacing | Average cone width
1 0.75 A 60.00° 0.875 ) 25.71°
2 2.25 A 20.00° 6.125A 3.67°
3 6.75 A 6.67° 42.875 A 0.53°
4 20.25 A 2.22°
5 60.75 A 0.74°

Table 4-1: Average subsection width for n = 2, 3 and different spacings

4.4. LAYOUT OF THE DF SYSTEM

There are various possibilities to design a direction finding system
which uses the symmetric-pair principle. Dependent on the budget and
speed requirements, parallel or sequential processing can be used. The
former is more expensive, since identical IF and baseband circuitry has to
be built for every antenna pair. Its advantage is that a DF system based on
parallel processing is much faster than its counterpart with sequential
processing. It also has to be decided how many bits of DF information are to
be obtained from each pair. The more bits are extracted, the wider is the
spacing of successive pairs, and less symmetric-pairs are consequently
needed to achieve a certain accuracy. On the other hand, the number of
measurements, and hence the amount of data to be processed, rises with the
number of extracted bits in powers of two, as shown in section 3.3.
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Figure 4-5 Block diagram of the proposed symmetric-pair direction finder

The chosen configuration is based on the assumption that time is not a
crucial factor for the system performance, and since it is the proposal for a
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prototype, hardware expenditure should be kept to a minimum. The
suggested DF system uses therefore sequential processing. Three bits of DF
information are extracted from each pair, since this seems a reasonable
compromise between necessary processing hardware and number of pairs
required to achieve an average accuracy of the order of one degree (see
Table 4-1 in previous section). Fig. 4-5 shows the block diagram of the
proposed DF system. Two multi-port switches select the relevant
symmetric-pair, before the pair and reference signals are downconverted to
a convenient IF, using a common local oscillator. Before the actual signal
processing, the IF signals are amplified and bandpass filtered. The dynamic
range of the system is mainly determined by the dynamic range of the three
identical AGC IF amplifier stages. The signal processing is performed at IF
and baseband, and standard components are used to generate the X, A, Z+A,
and Z-A signals. Four phase detectors, which are each fed with one of the
four processed pair signals as well as the reference signal, convert the bi-
phasal IF signal into a bipolar DC baseband signal. The polarity of the
baseband signal indicates, whether the processed output of the symmetric-
pair is in phase or anti-phase to the reference signal. The baseband signal is
then either low pass filtered, sampled or integrated to enhance the system
performance for low signal-to-noise ratios. The merits and disadvantages of
these three options will be discussed in the next section. A bipolar threshold
detector bank finally generates the three states '+, '-' and 'don't know'. This
information is collected by a computer, which calculates the angle of arrival.

The above version of the system generates the three possible baseband
states using only hardware. However, it would also be possible to sample
the baseband signal at the phase detector output and implement the
remaining steps with the computer. This option would be required if the
threshold setting method discussed in section 5.3.2 was adopted or if
sampling was used to enhance the system sensitivity.

4.5. METHODS TO ENHANCE SYSTEM SENSITIVITY

There are several possibilities to improve the sensitivity of the
suggested DF system in order to enhance its performance in low signal-to-
noise environments. One option is to make the IF filters as narrow as
possible to reduce the noise power in the system. The limitations of this
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technique are that the filters must be wide enough to let the received signal
pass through, and dependent on the implementation, it might not be easy to
|build very narrow band filters at IF. Crystal filters may have to be used
instead of lumped components filters. Apart from improving the system
sensitivity at IF level, it is always possible to enhance it with appropriate
techniques at baseband. Three possible means of doing this are discussed in
the following subsections.

4.5.1. Baseband low-pass filtering

The signal-to-noise ratio at baseband can be improved by low-pass
filtering. Low-pass filters are needed in any version of the system to remove
the double frequency components at the phase detector output. If their only
purpose is to cut off the unwanted sideband, i.e. their bandwidth is of the
order of the IF filter bandwidth or larger, the low-pass filters are called
zonal filters. These filters do not affect the signal-to-noise ratio at the phase
detector output. The low-pass filters considered here are not zonal filters
and their bandwidth is therefore smaller than the IF bandwidth.

The following analysis derives the signal-to-noise ratio at the output of
a phase detector with zonal filters before the effect of an additional narrow
low-pass filter is considered. The two phase detector inputs consist both of
signal and noise components. The signal term is given by:

s, (t) = A, cos (0t + ¢,) ...(4.4)

where x is the index of the phase detector input, Ay the peak amplitude of
the signal and ¢, a constant phase term. The noise is assumed to be zero
mean, narrow band Gaussian noise with a two sided power spectral density
of n/2. Envelope and phase representation has been chosen for the
calculation; the amplitude r(t) has a Rayleigh distribution, whereas the
phase ¢,(t) is uniformly distributed:

n,(t) = r(t) cos (wgt + ¢, (t)) ...(4.5)

Both input noises are assumed to be uncorrelated. The output of the
phase detector can be written as:
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Sou(t) = (8,(1) + n, (1)) (55(t) + ny(t)) ...(4.6)

Substituting eqn. (4.4) and eqn (4.5) into eqn. (4.6) and ignoring the
higher order terms, the following expression can be obtained:

A#rzz(—tlcos(d)1 — 0, (1)) +

r,(t)r,(t)
2

AA
Sout =%COS(¢1 —¢2)+

A,r, (t)

5 cos(0,; (t) - 9,, (1))

-0, (t
cos(0, — 0, (1)) + (47)

The normalised power at the phase detector output, i.e. the power that
would be dissipated in a 1 Q resistor [Tau 86], is defined as:

1 To/2

. 2

S j[sm] dt (4.8)
-To/2

Since this calculation is purely concerned with power relationships r,(t)
can be replaced by its long term RMS value [Rob 82]:

V2 r,(t) =2 2B 1, /2 = 2B, ..(4.9)

After substitution of eqn. (4.9) into eqn. (4.7), the resulting expression
can be applied to eqn. (4.8). After the integration, the normalised output
power of the phase detector around DC is equal to:

A12A22 + A12nzBlF + Azszm + nszIF2

Sout =
4 4 2 ...(4.10)

cos®(¢; — ¢, )

The first term of the above equation represents the signal x signal
contribution, the two middle terms the signal x noise cross products and the
last term the noise x noise contribution. The output signal-to-noise ratio is
therefore:

APA? S S 2
§ — 14 ) cos (q)l -¢2) = 2ﬁin1 ﬁ—in2 cos (q)l ~ ¢2)
Now A “N;Bp + A, n,By + N, NBre S +..S_. +1
4 4 2 Nt Ninz (4.11)
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with:
Sinx = A'x2/ 2
Nix = B,

The expression for the signal-to-noise ratio at the output of a phase
detector is equivalent to the result obtained by Andrews, who derived it
using statistical arguments [And 73]. Eqn. (4.11) is very similar to the
signal-to-noise ratio at the output of a mixer, the two equations only differ
by a factor of 2 cos?(¢;-99). Since the input signals to the phase detector have
the same frequency, the lower sideband after the mixing process is DC, and
the contributions from both sides of the double sided spectrum add at zero
frequency, which accounts for the factor of 2. Furthermore, the phase
difference between the two input signals cannot be neglected because the
lower sideband is DC, which yields the factor cos2(¢;-¢9) in eqn. (4.11).
There is no loss in signal-to-noise ratio for strong input signals at the phase
detector, provided the two signals are in phase or anti-phase; a mixer would
have 3 dB loss under the same circumstances.

The relationships between the input and output signals of a phase detector
in the spectral domain are given in Fig. 4-6. The output spectral densities
are obtained by convolving the relevant input terms. For the sake of
completeness, the unwanted upper sideband is also included in the diagram.
As can be seen in Fig. 4-6, idealised bandpass filters with a rectangular pass
band have been assumed as IF filters.

Knowing the shape of the noise power spectral density at the phase
detector output, it is now possible to assess the effect of narrow low-pass
filters on the output signal-to-noise ratio. As shown in figure 4-7, it is
assumed that the low-pass filter has an idealised rectangular pass band.
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Figure 4-7: Effect of the low-pass filter on the noise power

The noise power at the output of the low-pass filter for 0 < By p < Bip/2
is given by:

Bip
N,p = 2 j (yl -%f)df =2y,B.p —%Z—BLPZ (412)
0

The constants y; and yg are given in Fig. 4-7. For Bjp/2 < By p< By,
the noise power at the low-pass filter output can be obtained using the
following formula:

BIFI! BLP
Nip =2 j (yl-l‘lz"—2f)df+2 _[ (yz—-n%‘lf)df
° Bren ..(4.13)

=¥,Bir + ¥, (2BLP - BIF) - m;z BLP2

For very narrow low-pass filters, i.e. Byp<<Bjr/2, Npp can be
approximated by (see Fig. 4-7):

Nip = y,2B, ...(414)

The gain in signal-to-noise ratio due to low-passfiltering is now given as
the ratio of the noise powers at the phase detector and low-pass output:

G = 1010g(113"" ) [dB]

LP

...(4.15)
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The phase detector noise power Npq4 can be calculated using eqn. (4.13)
with By p = Bip:

Nps =¥;: Bie ...(4.16)

For high signal-to-noise ratios, the low-pass filter must have a
bandwidth of less than Byp/2 to yield noticeable improvement. This is due to
the fact that between Byp/2 and By, all the noise power is originated by the
noise x noise term of the phase detector output, and its contribution is
negligible for high signal-to-noise ratios (see Fig. 4-6). Fig. 4-8 shows the
signal-to-noise ratio of a phase detector that is followed by a low-pass filter.
It can clearly be seen that a low-pass with a bandwidth between Big and
B1r/2 can yield an improvement for low input signal-to-noise ratios, whereas
for high signal-to-noise ratios, its bandwidth must be less than Byg/2.

30 3 \\ S .S_ _S_
3 — =10dB in i
— 20 p ~N N / Nin Ni I | Nin
=} 10 - S~ A S Phase ><
= ] N LS _0dB detector
e No |
7)) 3 \ S <
10 N =-10dB Low-pass [ 7=
-20 3 T T rrnmm T llllllq» LR RALL LR _§-
0.001 0.01 01 051 10 N out

Byp/Bir

Figure 4-8: S /N improvement due to low-pass filtering

If the low-pass is very narrow, so that eqn. (4.14) holds, the
improvement in signal-to-noise ratio becomes:

B
Ggn = 1010g(—i) [dB]
i 2B.p (417

4.5.2. Baseband sampling

Another way of improving the baseband signal-to-noise ratio is to
sample and average the phase detector output. Since the signal components
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of the samples are fully correlated, the signal amplitudes are added, and the
total signal power increases with nZ for n samples. If the noise contained in
successive samples is uncorrelated, the noise powers of the individual
samples will be added and the total noise power increases by a factor of n for
n samples. The gain in signal-to-noise ratio for n uncorrelated samples is
therefore n. Throughout the rest of the text, samples will be referred to as
being uncorrelated if the only source of correlation between them is the DC
signal component. This definition is useful for the following analysis, which
examines the correlation of the noise in successive samples.

The next aim is to determine the sampling rate needed to obtain
uncorrelated samples. If the noise power spectral density at the phase
detector output was uniform over the entire frequency range of interest, all
samples would be independent and hence uncorrelated. However, this is not
the case, as it is illustrated in Fig. 4-6. Since sampling is essentially looking
at a waveform at different instances in time, the correlation between
different samples is described by the autocorrelation function (acf) of the
waveform, which is the inverse Fourier transform of the corresponding
power spectral density:

R(t) = 7[G(f)] = jG(f) e df
A .(418)

Because the noise power spectral density at the phase detector output
is an even function (see Fig. 4-7), it is possible to use the cosine Fourier
transform to calculate the corresponding autocorrelation function.
Excluding the DC spike at zero frequency caused by the signal component,
the acf of the baseband noise becomes:

Ry(7) = 2JG(f) cos(2nfr)df

0
By /2 B
=2 I (yl -%f}cos(2nft)df+2 J? (y2 -n—12nif)cos(21tft)df
o By/2

...(4.19)
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where y; and y, are defined in Fig. 4-7, and the index n denotes that Ry(t) is
the autocorrelation function of the output noise. After solving the integrals
in eqn. (4.19), the following expression for the acf can be obtained:

. . 2
RN(T)zﬂr_l(ﬂB_mf)(yl _y,)By + sin(mByt) ) . g
Bt Byt .(4.20)

The autocorrelation function of the phase detector output noise
normalised with Ry(0) is shown in Fig. 4-9 for different input signal-to-noise
ratios. The abscissa is normalised to 1/Bp to make the curves independent
of the IF bandwidth.
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Figure 4-9: Autocorrelationfunction of the noise at the phase detector output

It can be seen that the acf has zeros for integer 1Bp, which means that
the samples are uncorrelated for a sampling rate of Byp or an integer
fraction of it. Sampling at By clearly gives the best results, since all other
possible sampling frequencies are lower, so that less samples are obtained
within a given period of time. Fig. 4-9 also shows that the autocorrelation
function has sinx/x shape for high signal-to-noise ratios. This is expected,
because the power spectral density has a rectangular form in the case of
dominant noise x signal cross products (see Fig. 4-6). Analogous
observations can be made for the noise only situation. Here, the triangular
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shape of the power spectral density corresponds to the (sinx/x)2 pattern of
the autocorrelation function. The only reason that the zeros of the sinx/x
and (sinx/x)2 type autocorrelation functions coincide is that the power
spectral density function for the triangular noise x noise term is twice as
wide as the power spectral density function of the rectangular signal x noise
term (see Fig. 4-6).

Having shown that a sampling frequency of Byr yields maximum gain
in signal-to-noise ratio for sampling over a limited period of time, it will now
be examined how the gain is affected by a change of sampling rate. In order
to do this, the output of the phase detector is considered as a stationary
random process z(t) with mean m and variance 2. That is:

E[z(t)]=m ..(4.212)

E|(2(t) - m)’ | = E[2()] - m" = o° .(4.21b)

Costas derived an expression for the second moment, i.e. the total
power of the sampled process [Cos 50]:

n-1

E[2*(t)] = S‘—Z—TI;‘iz+$22(n-k) R, (kt,) ..(4.22)
k=1

where R,(t) is the autocorrelation function of the random process, n is the
number of samples and the time interval between samples is t;. With eqn.
(4.21b), the variance of n correlated samples is equal to:

2 n-1 2 _
0 =2+ Y a(n-k) R, (kty)+ 2270

n Ty n

...(4.23)

The mean of the phase detector output is the value of the DC signal,
since the probability density function of the noise is symmetrical about the
signal term, which will be shown in chapter 5. The signal contribution is a
delta function with amplitude m?2 at zero frequency in the power spectral
density domain and translates into a constant of value m?2 in the
autocorrelation function. The acf of the phase detector output can therefore
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be rewritten in terms of m2 and the autocorrelation function of the noise

Ry(1):

R(t) =Ry(t)+m? ...(4.24)

By exploiting this fact and using the following relation,

ik=n_(rifl_)

k=1 2

the variance for n samples can be expressed in terms of the acf of the noise
at the phase detector output:

n-1

o2 1
0, =—+=7 ) 2(n-k)Ry(kt,)
non Z’ ...(4.25)

Ry(7) is given in eqn. (4.20). An interesting special case of eqn. (4.25)
occurs when tg is such that each sample is statistically independent of all
other samples. Ry(kt() is then zero for all k and eqn. (4.25) has the following
simplified form:

2
o
O =—
n

...(4.26)

This is the well-known expression for the variance of n independent
samples.

The variance calculated in eqn. (4.25) is effectively the noise power
after summation and averaging of n samples. The change of signal-to-noise
ratio gain as a function of the sampling rate is best observed when the
sampling takes place over a fixed period of time. The improvement in signal-
to-noise ratio, which can also be called the effective number of uncorrelated
samples, is obtained by normalising eqn. (4.25) to 62, the variance of the
process z(t). Since o2 is the noise power at the phase detector output, it can
be calculated using eqn.(4.13) with By p = Byp:

o’ =y,B +y,Br - 711;12 sz =y,Br .(4.27)
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Figs. 4-10a-c show the results for different sampling periods and signal-
to-noise ratios at the input of the phase detector. The sampling frequency f;
is normalised to Bjp, the highest sampling rate that yields uncorrelated
samples. It can be seen that the signal-to-noise ratio improvement for
sampling rates that do not produce uncorrelated samples depends on signal
strength at the phase detector input. For low signal-to-noise ratios, the
improvement is proportional to the increase in sampling rate. However,
strong signals at the input of the phase detector produce a curve for the
signal-to-noise ratio gain that approaches a staircase function for sampling
over long time intervals (see Fig. 4-10c). This is because the autocorrelation
function of the noise at the phase detector output has a sinx/x shape for
strong signals and therefore sometimes becomes negative. Consequently,
the sum term in eqn. (4.25), which indicates the magnitude and sign of the
overall correlation between the different samples, can also be negative. In
the case of the sinx/x autocorrelation function, the sum term and the
sampling rate interact such that this staircase function curve is generated.

For sampling rates that are integer fractions of By, the samples are
uncorrelated and the signal-to-noise gain is, as expected, independent of the
signal strength at the phase detector input (see Fig. 4-10). To achieve the
best improvement in signal-to-noise ratio, sampling at a rate of Bip is
sufficient. Higher sampling frequencies will not give any further
improvement, whereas lower rates can immediately yield quite considerable
losses in signal-to-noise ratio, especially for weak signals and long sampling
times, as illustrated in Fig. 4-10c. With the help of eqn. (4.25) and eqn.
(4.27), the gain in signal-to-noise ratio for sampling n samples at an
arbitrary rate is given as:

2

Gyn = 1010g(%) [dB]

...(4.28)

For the special case where the sampling rate is Bjp or an integer
fraction thereof, which yields uncorrelated samples, the above equation can
be simplified to:

Ggy =10log(n) [dB] ..(4.29)
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4.5.3. Baseband integration

The third option to enhance the system sensitivity at baseband is to
perform continuous integration over a limited period of time. This technique
is closely related to the previous method, since integration can be seen as an
increase of the number of samples beyond limit within a given time interval,
i.e. sampling at extremely high sampling rates. The equation obtained by
Costas for the variance after integration over a fixed period T is [Cos 50]:

=T

o2 =% j (1—%) Ry(t) dt
=0 ...(4.30)

With Ry(1) from eqn. (4.20) and after some manipulations, which can be
found in appendix 5, the following expression for 62 can be obtained:

. _ 2 S (1) S ey (2u)" ey (2u)"
o? = T[u(c1+2°a)+z(‘1) [ (2n+1) (2n+1)!  4n (2n)J+

n=1

cz(cos(u)-l)_cs(M)]

u

...(4.31)
with:
u=n BT
Yi—Y. Yi—Y. Ya. y.
=_; C =——; Cc === c, =
“ T > mB, T ° =’ ™ aB,T
and as defined in Fig. 4-7:
nn An, Aln, . nM
YI=1TZBIF+ 142"‘ Z L Y2="1—2'2‘B1F

The results of the calculations of the noise power 62 after integration
over a period T have been compared with those obtained for the noise power
after sampling the output of the phase detector over the same period of
time. Sampling at 10 By and continuous integration gave the same
improvement in signal-to-noise ratio. This confirms the trend shown in Figs.
4-10a-c that no significant increase in signal-to-noise ratio gain can be
obtained with sampling frequencies higher than Byp.
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4.5.4. Discussion of the three schemes

The method which is probably easiest to implement is low-pass filtering
of the baseband signal. The problem is, however, that the filters have a
certain settling time and furthermore, an analogue low-pass is an IIR filter
(Infinite Impulse Response filter) with theoretically infinite memory. This
causes problems when sequential processing is used, where the same
IF/baseband unit processes the signals of all pairs in turn. To be certain
that the signals of the previous pair do not affect the result any more, long
settling times must be allowed between successive measurements. This
unnecessarily increases the time required for a complete bearing.

Sampling the baseband signal reduces the analogue hardware of the
direction finder. After analogue-to-digital conversion of the output of the
sample and hold unit, the processing of the samples can be done digitally.
The number of channels required can be reduced to two, since the sampled

Symmetric-pair Reference
signal signal
|
z A L Generation of the X, A and
reference signal
/2
] /
>< >< Conversion of the bi-phasal IF signal
into a bipolar DC baseband signal
I I
< < Zonal low-pass filter to remove
—~ gl double frequency components
I I
3¢ - } Sample and hold unit
1L sampling at B 1
A/D A/D } Analogue to digital conversion

Generation of X+A and X-A, averaging,
threshold comparison and calculation
of the angle of arrival

Figure 4-11: IF/baseband block for sampling
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and digitised X and A signals allow us to generate the required Z+A and Z-A
signals without any problem. Fig. 4-11 shows the modified IF/baseband
signal processing unit. An advantage of this arrangement is that it is easily
possible to change threshold settings and it generally allows more flexible
signal processing. Quantisation errors due to the analogue-to-digital
conversion should not cause serious problems, as long the quantisation is
fine enough and a sufficiently large number of samples is taken for each
measurement to average out the errors.

The use of analogue integrators to enhance the signal-to-noise ratio at
baseband has the advantage that it is still possible, as in the case of low-
pass filters, to have a separate unit that calculates the angle of arrival from
the tri-state outputs of the threshold detector bank. By using integrators
that can be reset quickly, i.e. 'integrate and dump' principle, the results of
successive integrations are independent of each other, and switching
between pairs does not cause any problems. The only constraint of this
configuration is that the four integrators must show identical performance.

The effectiveness of the different techniques can also be assessed by
comparing the time it takes to get a certain signal-to-noise ratio
improvement. To obtain for example 10 dB gain, it would be necessary to
add 100 samples at Bjp (eqn.(4.29)), or to integrate for 100/Bjp seconds.
There is therefore no difference in time between sampling and integration.
To achieve the same improvement with a low-pass filter, its corresponding
bandwidth had to be B1r/200 (eqn.(4.17.)). Certain assumptions concerning
the filter and the system must be made, to specify a duration for the low-
pass measurement. For the case of a first order low-pass filter, and allowing
4/B1,p seconds to avoid the problems caused by the memory of the filter
(after 4/Bp, the step response of a first order low-pass filter is more than
98% of its designated value), measurements could be made every 4/Brp. The
time between successive measurements would then be 800/By, which is
eight times as much compared to sampling or integration. Assuming a total
settling time of only 1/Bjf, it would still take twice the time to complete a
measurement with the low-pass approach compared to the other
alternatives.

In view of the above discussion, it is best to use the integrate and dump
approach, since it allows fast measurements combined with the best possible
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signal-to-noise ratio improvement. It also uses only analogue hardware to
generate the tri-state signals, which contain the information of the angle of
arrival.

4.6. EFFECTS OF AMPLITUDE AND PHASE ERRORS ON THE
BASEBAND SIGNAL

Investigations of phase and amplitude errors and their effects on the
signals of a symmetric-pair have already been carried out in chapter 2.
However, this analysis was done at RF level, to keep the results
independent of any particular subsequent processing. The aim was to focus
on the location of the phase transition angles as a function of these errors.
In this subsection, it is investigated whether the chosen processing
technique produces additional side effects, like a decrease of the signal-to-
noise ratio, that might affect the performance of the direction finding
system.

To assess the impact of the downconversion to baseband it is convenient
to derive the signal-to-noise ratio at the output of the phase detector. In the
analysis, a single symmetric-pair with X processing is considered. The 3 dB
loss in signal-to-noise ratio caused by the RF to IF mixing process is
ignored, since only signal-to-noise ratio changes due to phase and amplitude
errors as a function of the angle of arrival are of interest. The insertion loss
of the zonal low-pass filter which removes the double frequency components
is also neglected. Fig. 4-12 shows the examined arrangement.

Symmetric-pair Reference element

/
S e o S
Epm T Nr

[_>< s
Z § Phase Zonal ﬁwt

P detector low-pass

Figure 4-12: Arrangement for phase and amplitude error investigations
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The signal-to-noise ratio at the output of a phase detector is given by
eqn. (4.11).

S
S 2N NS00
Nout __8_ +§ +1
Nini  Ninz ...(4.32)

The output signal-to-noise ratio of the symmetric-pair S/Np,,¢ can be
obtained using eqn. (2.16), which gives the peak output amplitude of a pair
with amplitude and symmetrical phase errors (non symmetrical phase
errors are not considered here). Hence with Fig. 4-12:

5 _8

Nin1i N=r ...(4.33a)
and

S _ S _(2V+AV) cos’(¢)+AVZsin®(¢)

Ninz Nep,, 4 ...(4.33b)
where:

V = 2 10&ra/) and AV =V (100E™) _1)

To simplify the above calculation of the signal-to-noise ratio at the pair
output, a noise power of 0 dBm (=1 mW) at the output has been assumed.
AS/N is the difference in signal-to-noise ratio between the elements of the
pair in dB. With eqn. (A1.2) and eqn. (2.13) the phase of the error affected
pair becomes:

or _ Vsin(2¢)
= - A -
¢, = 0+==(A, c050+A,, sin6) amtan(AV+2Vcosz¢) ..(4.33¢)

where A,] and A, are the offsets along and orthogonal to the element axis as
defined in section 2.5.1, 6 the angle of incidence and ¢ is given by eqn. (2.1)
as:
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If equal and opposite phase shifts are used, ¢ in eqn. (4.33c) must be
replaced by ¢":

¢'=¢+A¢=E,§cos9+A¢

where tA¢ is the phase shift applied at the elements of the symmetric-pair.
09 in eqn. (4.32) accounts for phase errors in the reference path. The output
signal-to-noise ratio of the phase detector for various error constellations
can now be calculated with eqn. (4.32) and eqns. (4.33a-c).

Fig. 4-13 illustrates the effects of different errors for a symmetric-pair
with 4A spacing and 0 dB signal-to-noise ratio at all elements. The error free
case is shown in Fig. 4-13a, and all nulls in the signal-to-noise ratio pattern
are due to phase transitions of the pair output signal. For phase errors in
the reference path, the output signal-to-noise ratio is reduced by a factor of
cos2(¢1-02) (see eqn. 4.32), as illustrated in Fig. 4-13b. Amplitude
imbalances between the elements of the pair ag‘h’(;’nly source of error also
only change the signal-to noise ratio by a constant (Fig. 4-13c), and the same
happens for amplitude errors in the reference path or a combination of both
types of amplitude errors. However, the location of the phase transition
angles is changed for a combination of amplitude errors at the pair and
phase errors in the reference channel, and the output signal-to-noise ratio is
modulated as a function of the angle of arrival, as shown in Fig. 4-13d.

If the only source of error is an offset of the reference element from the
phase centre of the pair, the resulting symmetrical phase errors can be
described with A, and A, (see section 2.5.1), and ¢ is zero. This type of
error only modulates the output signal-to-noise ratio as a function of the
angle of incidence and does not change the location of the phase transition
angles (Fiigs. 4-13e/f). However, if the maximum phase error is 90° (or an
odd multiple of it), the term cos®(¢;-¢2) in eqn. (4.32) is zero and two extra
nulls appear. This is demonstrated in Fig. 4-13f for the case of A, = 0.25A,
where additional nulls occur at 0° and 180°. Comparisons with the results of
section 2.5 show that the phase detector translates the modulation of the
output phase of the pair at RF level into a modulation of signal-to-noise
ratio at baseband.
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Phase errors at the symmetric-pair combined with phase error in the
reference channel also introduce extra nulls as soon as the term cos?(¢;-¢3)
becomes zero. To avoid this condition, ¢;-¢o must be smaller than +90° at all
times. Fig. 4-13g shows a somewhat unusual case, where no extra nulls
occur despite large errors, because ¢1-¢9 is always larger than +90°. The
condition for extra nulls is met by the error constellation of Fig. 4-13h, and
two additional nulls can be found around 180°.

Phase and amplitude errors at the pair clearly change the location of
the phase transition angles (Fig. 4-13h), and additional phase errors in the
reference path have the same effect, as shown in Fig. 4-13;.

The above discussion can be summarised by stating that:

(1) The location of phase transition angles does not change as long as only
one type of error occurs, i.e. either phase or amplitude error in the
reference channel and/or at the symmetric-pair (see Fig. 4-13b, Fig. 4-
13c and Fig. 4-13e).

(2) Under certain circumstances (cos?(¢;-¢2) = 0), each of the two phase
error types, or a combination of them, can introduce additional nulls,
but the location of the other nulls does not change (see Fig. 4-13f, Fig.
4-13g and Fig. 4-13h).

(83) A combination of amplitude errors at the pair and any of the two
investigated types of phase error changes the phase transition angles
(see Fig. 4-13d, Fig. 4-13i and Fig. 4-13;).

(4) All errors change the signal-to-noise ratio of the output, and dependent
on the magnitude and type of error, the signal-to-noise ratio may be
modulated as a function of the angle of arrival with dips of 10 dB or
more. It should be noted here that rather large error parameters have
been used for the simulations to highlight the effects of the different
types of error.

As long as the errors only affect the signal-to-noise ratio at the phase
detector output, the accuracy of the direction finding system will not be
affected, only its sensitivity. If the errors are such that the location of the
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phase transition angles changes, the direction finder may give incorrect
bearings dependent on the angle of incidence.

The envelope of the signal-to-noise ratio at the phase detector output as
a function of the angle of arrival remains unchanged for different equal and
opposite phase shifts A¢ at the elements of a symmetric-pair, as
demonstrated in Fig. 4-14.
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Figure 4-14: Superimposed outputs of the phase detector for different A}



5 PREDICTED PERFORMANCE OF THE DF SYSTEM
IN LOW SIGNAL-TO-NOISE ENVIRONMENTS

Several aspects of the direction finding system must be studied in
order to assess its overall performance. Up to now, the operation of the
system under ideal as well as realistic conditions has been analysed, and
the impact of phase and amplitude errors on its accuracy and sensitivity
has also been evaluated. Furthermore, it has been shown that different
techniques can be employed to improve the system sensitivity and the pros
and cons of each method have been discussed. The aspect to be scrutinised
in this chapter is the performance of the direction finding system in low
signal-to-noise environments.

So far, only the long term mean power contribution of the noise has
been of interest, which allowed us to represent noise in a non-statistical
way. However, to evaluate the system performance for low signal-to-noise
ratios, noise has to be treated as a random or stochastic process. The
statistics of the noise have to be considered and the results can only be
described in probabilistic terms, such as probability of false-alarm, or
probability for the detection of a signal.

The probability of detection will be calculated for cases where the
phase detector baseband outputs are integrated over a length of time. The
relevant analysis can be simplified if successive integrated samples are
independent. To find the maximum sampling rate that still gives
independent samples, a theorem from detection theory can be used. It
states that samples which are more than one correlation period apart may
be considered to be independent [Mar 60]. Together with the previously
obtained acf of the phase detector output (see section 4.5.2, Fig. 4-9), the
above theorem yields a (maximum) sampling rate for independent
samples of 1/By;.

122
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5.1. CONSIDERATIONS FOR A SINGLE CHANNEL

To be able to analyse the performance of the four channel IF/baseband
unit of the symmetric-pair direction finder in low signal-to-noise
conditions, it is helpful to investigate the properties of a single isolated
channel first. The results obtained can then be used to tackle the more
complex four channel case.

A single channel system comprises a symmetric-pair plus the
reference element, where only one signal of the pair, for example the X
signal, is processed using the methods suggested in chapter 4. The phase
detector followed by the zonal low-pass is effectively a cross-correlator, and
its output is a measure of the correlation between the reference signal and
the signal from the symmetric-pair. Any subsequent circuitry, be it a low-
pass, integrator or sampling unit, just averages the output signal to
reduce the noise contribution and to allow the detection of the signal,
which was buried in noise before.

The use of correlation analysis to detect signals in noise was
suggested by Lee, Cheatham and Wiesner ([Lee 50a], [Lee 50b]). Fano,
Davenport, Horowitz and Green subsequently investigated the output
signal-to-noise ratio of different types of correlators ([Fan 51], [Dav 51],
[Hor 55], [Gre 57]). Different authors considered then the problem of
determining the probability density function (pdf) for ft,-}ﬁf,?}ltput of an
analogue cross-correlator. Lampard, who used low-pass*inputs to the
correlator, showed in his analysis that for a narrow low-pass filter at the
correlator output, the pdf tends to become Gaussian, as would be expected
from the central limit theorem [Lam 56]. Cooper introduced narrow band
noise inputs to the correlator by adding bandpass filters [Coo 65]. Several
other authors derived expressions for the probability density function and
cumulative distribution function (cdf) of the output of an analogue cross-
correlator with various degrees of generality for both low-pass and
bandpass inputs ([Kai 66], [Bro 67], [Str 70], [Mur 71], [And 73], [Mil 74],
[Bri 82]). Wilson, Andrews and Brice, as well as Milne, give expressions
for the sum of n sampled baseband outputs of an analogue cross-
correlator (Wil 79], [And 83], [Mil 91]).



124 Predicted Performance of the DF System in low Signal-to-Noise Environments

Other types of cross-correlators have also been considered. Roe and
White and Andrews discussed the output probability density function of
cross-correlators that use sampled input data ([Roe 611, [And 74a]). To
complete the overview on correlator literature, it should be mentioned that
correlators that clip the incoming waveforms before multiplying them
have also been analysed ([Ekr 63], [Che 68], [And 74b], [And 80]).
Compared to the other types of correlators, this kind of cross-correlator
shows a loss in output signal-to-noise ratio for low input signal-to-noise
ratios.

To obtain the false-alarm rate and probability of detection for different
threshold settings, it is necessary to know the probability density function
and the corresponding cumulative distribution function of the correlator
output. Since sampling or integration can be used to enhance the output
signal-to-noise ratio (see section 4.5), the pdf and cdf for the summation of
n independent samples must be known. As mentioned above, several
authors analysed this case. Wilson and Andrews approach the problem by
deriving the characteristic function and exploiting the fact that the
characteristic function of a sum of n independent samples is that for one
sample raised to the power n [Wil 79], [And 83]. Wilson derives
expressions under the assumption that the noises at the input of the cross-
correlator are uncorrelated, whereas Andrews takes correlation into
account. Both of them consider a sinusoid plus narrow band noise as
input signals. Milne on the other hand only allows correlated noise at the
inputs [Mil 91]. He obtains the pdf of the sum of n independent samples by
repeatedly convolving the pdf of a single sample with itself. Since Milne's
analysis has not been published, it is given in appendix 6. It is also shown
in this appendix that Andrews's results, with a correction factor for the
pdf, and Milne's expressions can be transformed into one another.

5.1.1. Probability density function for the phase detector output

For zero mean narrow band Gaussian noise at the inputs, the pdf of
the output of an analogue cross-correlator after the summation of n
independent samples is given by Milne as follows (see appendix 6, eqn.
(A6.10) and eqn. (A6.11)):
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Pa(2) = (—ﬁ(%oi)):n—-le"p(‘“z): (irll _(j 5 119;)56(;?);‘)2!“ fore>0 ..(5.1a)
and

P.(2) = %exp(&)z (211: ?x: kl)' k(;l&z)j(l;z)k orz <0 ..(5.1b)
with

L 2
g cloz(m +po) ..(5.2a)

- 2

6,03(Y1=2" ~p, .(5.2b)

where o, and oy are the standard deviations of the noise at the cross-
correlator inputs, pg is the in-phase and Ay is the quadrature correlation
coefficient. The overall correlation coefficient p between the inputs of the
cross-correlator is defined as:

P2 =Py’ + Ay ..(5.3)

To compare the pdf for the output of a cross-correlator with well
known probability density functions, it is necessary to compute its mean
and variance as a function of the number of added samples.

Since the mean of a sum is always equal to the sum of the means, the
expectation of the correlator output after n additions is given by:

m, =E [z]=nE[z]= nJ.z p:(2) dz
bl ..(5.4)

With eqns. (5.1a/b) inserted in eqn. (5.4), E,[z] results in:

[J Bo eB’dz+ BBOL ““’dz}—np—_g—

+a op 5.5)

The variance of the cross-correlator output after n summations is
defined as:
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2 2 2 2
cn=E%[z—E z ]=Enz “E [z
(2-E.[z]) | = a2 ]-E.[2] (5.6)

The above equation shows that the second moment of the output of the
cross-correlator must be calculated in order to obtain the variance.
Substituting eqns. (5.1a/b) into the definition of the second moment, and
after integration (which involves incomplete Gamma function type
integrals), E[z2] has the following form:

E,[2] = Izz p.(z) dz

(k+2)(k +1)('B“i*3-+&3—”’.)

__ () "(2n-2-Kk)! (B+o)*
(B+o)*™ b=t (n-1-k)! (n-1)!

..(6.7)

Using the above formulae, it is possible to plot the pdf of the output of
an analogue cross-correlator for different correlation coefficients and
numbers of independent samples, as shown in Figs. 5-1a-i. Unit variances
have been assumed at the input of the correlator for all calculations. The
corresponding Gaussian distribution with the same mean and variance
as the correlator pdf is also plotted in Fig. 5-1. This illustrates how the
pdfs become more and more Gaussian as the number of samples
increases, which is expected from central limit theorem arguments, The
corresponding Gaussian pdf is defined as:

2
p(z) = 7= "[—(—2‘?—)}
2no, n ...(5.8)

The pdfs for 1, 2 and 10 uncorrelated noise samples are given in Figs.
5-l1a-c. As can be seen, the correlator and Gaussian pdf are virtually
identical in the central region after summation of 10 independent
samples. The pdfs for quadrature correlation A, between the inputs are
slimmer compared to the pdfs for uncorrelated noise, but they are still
symmetrical, have zero mean and converge similarly fast to the Gaussian
shape for an increasing number of samples (Figs. 5-1d-f). It should be
noted that the quadrature coefficient A is zero when the bandpass filters
at the cross-correlator inputs are perfectly centred on the -carrier
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frequency of the signal ([Ric 45], section 3.7). In-phase correlation destroys
the symmetry of the pdf, and for pg =1 and Ay = 0, the noise at the input
would be fully correlated and the cross-correlator would give the same
performance as a signal squarer. Figs. 5-1g-i show that despite the highly
non-symmetrical pdf for one sample, a Gaussian shape of the distribution
will still be obtained for a large number of samples. For high in-phase
correlation coefficients, the pdf of the correlator output tends to become
single sided positive (Fig. 5-1g). In such cases, the two input signals have
virtually always the same sign (and magnitude), which produces the
positive output after the correlation inherent multiplication process.

As a summary it can be stated that in-phase correlation makes the
pdf non-symmetrical and introduces a mean, whereas quadrature
correlation only narrows the pdf compared to the uncorrelated case. If
both types of correlation occur, their effects are simply superimposed.

5.1.2. False-alarm rate

It is reasonable to assume for the following calculations that the noise
at the cross-correlator inputs is uncorrelated (p = pg = Ag = 0). This implies
that the IF bandpass filters of the DF system are centred around the IF
frequency to avoid any quadrature correlation, and that no strong external
noise sources or jammers are present which might introduce in-phase
correlation between the correlator inputs.

Bipolar threshold detectors are employed in the symmetric-pair DF
system to decide whether a signal is present or absent in a background of
noise. Their performance can be described in terms of two probabilities,
the false-alarm probability Pg, and the probability of detection Pgy. The
presence of a signal is assumed if the input to the detector is strong
enough to cross the threshold. However, there is a finite probability that
the threshold will be exceeded in the absence of a signal. This is because
the statistics of random noise are such that there is always a small but
non zero probability that the noise voltage can attain a value larger than
the threshold level. The probability that the threshold is exceeded when
there is no signal present is called the false-alarm probability, which is
defined as [Sko 70]:
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P =P(z>T)= [py(2) dz
: .(5.9)

where T is the threshold level and py(z) is the pdf of the noise fed into the
detector. Since the correlation between the input noises of the correlator is
assumed to be zero, which means that the pdf for the integrated output of
the correlator is always symmetrical with zero mean, as shown in the
previous section, the false-alarm for the bipolar threshold becomes:

P, =P(jz>T)= 2J.pn(z) dz
T ..(56.10)

The index n stands for the number of integrated independent
samples. Milne gives the probability that the integrated output of a cross-
correlator which is fed with Gaussian noise exceeds a certain positive
threshold (see appendix 6). After insertion of the series representation of
the incomplete Gamma function into eqn. (A6.14b), the false-alarm rate of
the bipolar threshold detector for n integrated samples has the following
form:

Ba ]" 2T ~ n'p'l( o Jp (n-1+p)! o*T*
P, =2 exp
o (B+a 0102(\/1—?\.02 +po) ; Z:,‘ B+a) p!(n-1)! k!
...(6.11)

where a and B are given in eqns. (5.2a/b). For uncorrelated noise at the
inputs, i.e. pg = Ag = 0, the above equation can be modified to:

1Y 2T © (n-1+p)! T*
=2 exp " m

..(5.12)

The false-alarm probability as a function of the threshold for different
numbers of independent samples is given in Fig. 5-2. The mean m, and
the variance o2, used to normalise the threshold, are defined in eqn. (5.4)
and eqn. (5.6) (m, = 0 for uncorrelated noise). Calculations showed that
there is no significant difference between the curve for 1000 samples and
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the Gaussian limit. Inspection of Fig. 5-2 shows that 100 samples are a
reasonable approximation to the Gaussian limit for false-alarm rates up
to the order of 10 or even 10-8. To illustrate the impact of correlation
between the input signals of the cross-correlator, the false-alarm
probabilities for fully in-phase correlated noise have been calculated. With
01 = 02 = 1 (unit variances), pg =1 and Ay = 0 (conditions for square law
detection), and bearing in mind that the pdf is now single sided, which
accounts for a factor of two, eqn. (5.11) reduces to:

n-1 Tk
P, =exp(-T) 2'}7
k=0 :

..(5.13)

The false-alarm probability as a function of the threshold setting for
fully in-phase correlated noise at the cross-correlator input is shown in
Fig. 5-3. In can clearly be seen that due to the correlation, higher
threshold settings would be required to achieve the same false-alarm rate
for a given number of independent samples.

5.1.3 Probabhility of detection

The second term to describe the performance of the bipolar threshold
detector is its probability of detection P4. The probability of detection is
given by an equation similar to the one for the false-alarm rate. The
probability density function to be integrated is now that of signal plus noise
present at the detector [Sko 70]:

P, =P(z>T)= J'pSN(z) dz
T ...(6.14)

In the case of the symmetric-pair DF system, pgy is the probability
density function for the cross-correlator output after integration. The
probability of detection is therefore a function of the following parameters:

(1) The signal-to-noise ratio at the antenna elements and hence at the
cross-correlator inputs, whereby the signal strength at one of the
inputs is dependent on the angle of incidence of the received signal.
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(2) The threshold of the detector, which is given by the desired false-
alarm rate.

(3) The number of integrated independent samples.

The false-alarm rate, which is determined by the tails of the pdf, has
been calculated for different numbers of independent samples in the
previous section. No approximations have been used for these evaluations.

To calculate the probability of detection after integration and for a
chosen threshold, the cross-correlator output in the presence of a signal
must be known. For the calculations, it is assumed that the signals after
downconversion to the intermediate frequency can be represented as a
sinusoid with narrow band Gaussian noise. (Since the IF bandwidth of
the DF system will be much smaller than the RF bandwidth, it is valid to
infer that the noise at IF has again Gaussian distribution.) The signal
component of the symmetric-pair and the reference element at IF can be
expressed in the following form:

8,(t) = A, cos(® +0y) ...(5.15)

where A, is the signal peak amplitude and ¢y is the signal phase with:

o, =0,+¢ (for the first element of the symmetric - pair)
d, =9, —¢ (for the second element of the symmetric- pair)
0y = O, (for the reference element)

The narrow band Gaussian noise at IF is given by its quadrature
representation [Wha 70]:

n,(t) =n_(t)cos(®yt)—n,, (t)sin(wyt) ..(516)

The index x refers either to the elements of the symmetric-pair (x =1,
2) or to the reference element (x = 3). ny(t) and ng,(t) are the quadrature
components of the narrow band process which have also zero mean and
Gaussian distribution. There is no correlation between n.,(t) and ng,(t).
Since the processes under consideration have zero mean, their power and
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variance is identical. The power of the narrow band Gaussian noise and
its quadrature components is equal to:

E[n(8)] = E[na’ (t)] = E[na*(8)] = 0, 51T)

It is now straightforward to express the signals at the input of the
cross-correlators of the 4 channel DF system with the help of the above
definitions (for the block diagram of the system see Fig. 5-4.). The
reference signal at the correlator inputs is:

3.(6) =3 (8 () + 1y (1)

...(56.18)
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Figure 5-4: Block diagram of the correlator section of the DF system
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The signal of the X channel at the correlator input is equal to:

7:(t) = 5 5 (8O +nu )+ (9 +na 1) 510
The output of the cross-correlator is then:
z;(t) = y5(t) ¥.(t) ..(5.20)

For further calculations it has been assumed that the amplitudes at
the pair and reference antenna elements are equal (A; = A3 = Ag= A) and
that ¢¢ = 0. Substituting eqn. (5.15) to eqn. (5.19) into eqn. (5.20), and after
removal of the double frequency terms, the output of the £ channel cross-
correlator becomes:

zy(t) = -;— [2A2 cos(¢) +2A cos(¢)n,(t) + A(n,, (t)+n,(t))
+(Dy (£) + D1g (£)) 11 (£) + (1 (£) + 10,5 (£) g (t)] (5.21)

Applying the same methods and taking the additional 90° phase
shifter into account, it is possible to derive the output of the A channel
cross-correlator:

2, (t) =% [2A7 sin(0)+ 24 5in(0)nq (£)+ A (R (£) - n,g(t))

+(1,, (£) = 11,5 (£))0g (£) + (0o (£) = 11y (£) )14 ()] .(5.22)

The output signals of the Z+A and £-A channel cross-correlators are
then equal to:

1
Zg.a(t) = ﬁ(zz(t)+z,,(t)) ...(5.23)
- L VA -7
z}:—-A(t) = ﬁ( E(t) A(t)) ...(5.24)

Knowing the output of the cross-correlator for signal plus Gaussian
noise at the inputs of the direction finder, it would now be necessary to
obtain the corresponding pdf to be able to calculate the desired probability
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of detection. However, instead of deriving the exact probability density
function, it will be shown that it is possible to use the Gaussian pdf as a
reasonable approximation instead. This will just be demonstrated for the
Y channel, since the same arguments apply for the other three channels.

The output signal of the X cross-correlator consists of three
components which are signal x signal, noise x noise and the signal x
noise cross products (see eqn. (5.21). The signal x signal term of the
correlator output is DC, which yields the mean of the pdf. The pdf of the
noise x noise component has been investigated in the false-alarm rate
calculations, and it has been shown, that the pdf after the summation of a
large number of independent samples converges in the limit to a
Gaussian distribution. Looking at the signal x noise cross products, it can
be seen that they have Gaussian distribution with the signal term acting
merely as an amplitude factor. Furthermore, since the noises at the
antenna elements are assumed to be independent, there is no cross
correlation between the quadrature components of any of the three narrow
band noises. The pdf of the correlator output will therefore be symmetrical
and centred on the mean.

The pdf for the probability of detection has, compared to the false-
alarm rate pdf, the additional signal x noise components. Because these
terms have a Gaussian distribution, the overall pdf of the correlator
output will converge even faster to the Gaussian limit as the number of
integrated samples increases. Additionally, since this distribution will be
used to calculate the probability of detection and not the false-alarm rate,
only the central region of the pdf is of interest, and differences between the
tails of the exact and the Gaussian distribution are of no importance. It
has previously been shown (see section 5.1.1) that the shapes of the central
regions are virtually identical after the integration of only 10 noise
samples. The Gaussian approximation for the calculation of the
probability of detection of a single channel is therefore valid in situations,
where much less than 100 samples are integrated. (100 samples was the
required minimum, to use the Gaussian pdf for false-alarm rate
calculations; see previous section.) However, the appropriate curves in
Fig. 5-2 must be used to obtain the correct threshold for a wanted false-
alarm rate, when less than 100 samples are integrated.
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The approximation to the exact pdf of the cross-correlator output is
therefore a Gaussian probability density function with mean and variance
of the correlator output:

Pax (23) = o= nl = GXP{ (7 ma,) }

The derivation and a cross check of the expressions for the mean m,,_

...(6.25)

and variance of, of the I cross-correlator output after summation of n
independent samples and for signal plus noise at the inputs is contained
in appendix 7. The mean is given by eqn. (A7.9a):

_D o,
M, =g A cos(¢) ...(5.26)

and the formula for the variance has the following form (eqn. (A7.9c¢c):

n 2
o2, = E[A2 o (cos2(¢)+0.5)+(02) ] (5.27)

Since pgy(z;) is Gaussian, the corresponding probability of detection
for the bipolar threshold detector is equal to:

-T o T

- —T-
=1—0.5[erf[T2 Inznzz ]_erf[ 5 n:mz ]}
Cnz, oz, .(5.28)

where the error function is defined as:

erf(z) = %t-j‘e“zdt

and:
erf{-z)=-erf(z) ([Abr 70], eqn. (7.1.9))

([Abr 70], eqn. (7.1.1))
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Rational approximations of the error function are given by
Abramowitz and Stegun (equations 7.1.25 to 7.1.28) [Abr 70]. High level
programming languages like Mathematica ® have built in routines for
the error function [Wol 91].

The threshold T in eqn. (5.28) is a function of the desired false-alarm
rate and can be expressed in terms of the mean and standard deviation of
the integrated cross-correlator output when no input signal is present.
Using eqn. (5.26) and eqn. (5.27) with A=0 (absence of a signal), T is

defined as:
_a /L(Gz)’ _an .
A=0 16 4 ..(5.29)

The constant a determines the false-alarm rate and can be extracted
from Fig. 5-2, using the trace appropriate trace.

2
nzy

T=m, +a,c

The probability of detection as a function of the signal-to-noise ratio at
the antenna elements for different numbers of integrated samples is
shown in Fig. 5-5. It can be seen that the curves become steeper as the
number of integrated independent samples increases. As expected, lower
false-alarm rates require higher signal-to-noise ratios to achieve a certain
probability of detection.

The signal-to-noise ratio at the antenna elements as a function of the
false-alarm rate and the number of integrated samples for a given
probability of detection is presented in Fig. 5-6. These results have been
calculated by changing iteratively the value of the signal-to-noise ratio at
the antenna elements, using eqn. (5.26) to eqn. (5.28), until the required
probability of detection had been obtained. As illustrated in Fig. 5-6, the
signal-to-noise ratio required to obtain a certain probability of detection
decreases by about 5 to 6 dB for an increase of the number of integrated
samples by a decade. This is similar to results obtained by Marcum for
the case of a square law detector. He reports changes of the same order of
magnitude [Mar 60].

Fig. 5-7 shows the probability of detection as a function of the phase
difference ¢ between one of the symmetric-pair elements and the phase
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Figure 5-5: Probability of detection as a function of the signal-to-
noise ratio at the antenna elements for different false-
alarm probabilities and different numbers of integrated

samples.
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centre of the pair. The advantage of this representation is that ¢ depends
on the angle of arrival as well as the spacing of the symmetric-pair, which
means that it covers all possible values of the two variables.

1+ T
-é 0.9 \ // \\ P '=0'99 7 Number of integra-
g 0.8 X 7 N\ Piuw =097 ted samples:
P BN e \ 7 n=1000
e | T\ 1
2oad> 1IN\ [ /1 False-alarm rate:
% 0.3 NI [/ N I/ P, = 106
R ER 71T\ 17 .
R EYA\ W/ LW/
£ T N[ Z N\

0 45 90 135 180 225 270 315 360
Phase difference between reference and pair element [°]

Figure 5-7: Probability of detection of the X channel detector as a function
of the phase difference between the reference and symmetric-
pair element

As can be seen, the probability of detection as a function of ¢ is
periodic. For angles of arrival where ¢ is an odd multiple of 90°, the output
signal of the £ channel is always zero, which entails zero probability of
detection. Since the I signal on its own extracts 1 bit of DF information,
i.e. two different subsectors can be distinguished, two periods of the
probability of detection function are contained in a full cycle of ¢ (see

above).

The above calculations are only for a single channel, and it is
therefore impossible to incorporate the information provided by the 'don't
know' state of the bipolar threshold detector. As outlined in chapter 4.2, at
least two channels are required to be able to use this additional data. The
next section will demonstrate that the extra information provided by the
'don't know' state allows us to achieve virtually constant probability of
detection irrespective of the received signal's angle of arrival.
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5.2. PERFORMANCE PREDICTIONS FOR THE FOUR CHANNEL
SYSTEM

5.2.1. Assumptions made for the calculations

The outputs of the four channel system are the I, A, Z+A and X-A
signals of the symmetric-pair under consideration. However, two of the
four signals are linear combinations of the ¥ and A outputs, which
reduces the relevant mathematics to bivariate calculations. To keep the
bivariate analysis tractable it is assumed that 100 or more samples are
always integrated, which allows us to use Gaussian distribution theory,
as shown in the previous section. Since the ¥ and A outputs are therefore
Gaussian variates, their joint pdf will be jointly Gaussian. Good
treatments of bivariate Gaussian distributions can be found in Johnson
and Kotz and Leon-Garcia ({[Joh 72], [Leo 89]).

It is furthermore still assumed that the noise at all antenna elements

is uncorrelated. The only correlation between the output signals of the
four channels is introduced by the presence of a signal.

5.2.2. The bivariate Gaussian probability density function

The bivariate Gaussian (normal) distribution of the two random
variables Z; and Z, has the following standard form:

1 —Giz (ZZ —-m,, )2 +
p(zz’ZA) ) 2750'“: nz, 'J]' pm exp A :
2p2A0nzI nz, (ZZ - mnzz )(ZA - mnz )_ 012122 (ZA - InnzA )2
2(,nz,-‘0-nzA (1 pm )
...(6.30)
Where:

z; and z, are possible values of the two random variables

m,, and m,, their respective means after summation of n samples
o%, and o2, their respective variances after summation of n samples
prathe correlation coefficient of the two random variables
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The expressions for m, , m,, , o%,., o,,, and p; are derived in
appendix 7 (eqn. (A7.9a), eqn. (A7.10a), eqn. (A7.9¢), eqn. (A7.10c) and eqn.
(A7.14)). It should be noted that this appendix also contains an analysis
that cross checks these expressions.

To simplify further calculations, the following substitutions have been
made:

o ®
il
Q Q

weg (22 ~ T, )
nea (22~ m)
2:0%e, (1= P’

Using these substitutions and by adding and subtracting the factor
Pz” b? in the numerator, eqn. (5.30) can be modified to:

—{1- m2 b2 o mbz
p(z”z")=«/_;—7c—exl’[ | zpv ) ] lenv exp[ = 2pv )}

o

...(5.31)

The second part of the formula has the form of a Gaussian pdf with
variate a, mean pyb and variance v. This form of the bivariate Gaussian
pdf will later be very useful for the calculation of the probability of
detection where the two variates Z; and Z, are correlated due to the
presence of a signal.

The purpose of the rest of this section is to investigate the properties of
the bivariate Gaussian distribution with respect to the signals of the
symmetric-pair direction finder. The bivariate Gaussian pdf is centred at
the point‘(ngz,mmA) and has a bell shape that depends on the values of
0%, , 05, and pg,. If the two variates are uncorrelated and have equal
variance (i.e. py,=0 and o, = o2, ), the contours of constant pdf are
circles. In all other cases, the contours are ellipses (see Fig. 5-8). The
angle of the major axis of the ellipse with the z; axis is given by [Joh 72]:

2p.,0
6=larctan[_-p,§A nZp D2, J
2 c 'anA

nzy

...(6.32)
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After insertion of the expressions for cﬁz:, cf,,A and p;, from appendix
7 in the above equation, the angle between the major axis of the ellipse and

the z; axis becomes:

sin(2¢) ] ¢ ‘
cos®(¢)—sin®(¢) ...(5.33)

0= l arctanI:
2

This means that in the case of the symmetric-pair DF system, the
bivariate pdf rotates around the origin as a function of the angle of arrival
and the pair spacing, because ¢ is the phase difference between one of the
symmetric-pair elements and the phase centre of the pair.

The next problem to be addressed is whether the major and minor
axis of the ellipse (i.e. a and b in Fig. 5-8) are a function of ¢, or whether
the shape of the rotating ellipse is independent of the angle of arrival and
the pair spacing. The pdf is constant for values of z; and z, for which the
argument of the exponent in the equation for the bivariate Gaussian pdf is
constant. Johnson and Kotz give the following formula for an ellipse that
contains 1000% of the distribution [Joh 72] (0 < o < 1):

2 2
Zy _mnz; 9 Zy —mrEL Zy,—IM,,, Zy —Mi,,
— 4Pz +
Onz, Oz, One, Onz,

=-2(1-py’)log(l-0) (s gy

Since the major and minor axes of the rotating ellipse are of interest,
a new coordinate system whose axes are aligned with those of the ellipse
must be defined (see Fig. 5-8). The necessary coordinate transformation
into the new x, y coordinate system can be accomplished by using the
following rotation matrix:

2o el

2 2

Substituting the expressions for m,, , m, , o,, , o, and p;, from

appendix 7 in eqn. (5.34) and after the coordinate transformation and
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some reasonably straightforward but lengthy mathematics, eqn. (5.34) can
be written in the form of an equation for an ellipse:

(x-m)" y* _
a? Tp .(5.36)
with:
, D <52(3A4 +8A%* +4(c )2)log(1 -a)
2T 16(A7 +207)
, n <72(3A4 +8A%c* +4(0” )z)log(l -a)
b= 16(3A%+207)
m=l A?
T4

Inspection of eqn. (5.36) shows that the major and minor axis of the
ellipse are independent of ¢ and hence of the angle of arrival as well as the
spacing of the symmetric-pair. The two axes of the ellipse are only a
function of the signal amplitude A, the noise power ¢® and the number of

A
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Figure 5-8: Contour of equal value of the bivariate Gaussian pdf
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integrated samples n. The offset m of the major axis can be cross checked
by performing the following calculation with the help of Fig. 5-8:

m=.m,*+m, * = \/(n{f cos(q))) +(n22 sin(cp)) _nA’

4
In summary, it can be said that the shape of the bivariate Gaussian
density is independent of the angle of arrival, and the centroid of the pdf
rotates on a circle around the origin (see Fig. 5-8). The radius m of this
circle is dependent on the signal strength and is zero in the absence of a
signal. The angle between the major axis of the ellipse and the z; axis is ¢,

and therefore a function of the angle of arrival and the pair spacing.

5.2.3. False-alarm rate

The four channel system allows us to utilise the additional
information provided by the 'don't know' state of the bipolar threshold
detectors. As a consequence, the definition of a false-alarm is slightly
more complicated, since signals which are too weak to cross the threshold
can also provide useful information. This fact must be taken into account
in the definition of a false-alarm. As shown in chapter 4.2, where the
'don't know' state was introduced, at least one out of the four channels of
an octant selecting DF system must be allowed to flag the 'don't know'
state. This is required in order to cover also angles of arrival around the
grating lobe nulls of the symmetric-pair. On the other hand, up to three
out of the four channels may produce a 'don't know' output, and it is still
possible to define unambiguously the required subsector. In the following
false-alarm rate calculations, all three possible cases, i.e. up to one, two or
three 'don't knows' per measurement, will be considered. To understand
why it is sensible to investigate all three options, it is necessary to look at
the respective definitions of a false-alarm and the associated implications
for the threshold settings.

Superficially, it could be argued that up to three 'don't know' events
would be by far the most favourable case, since this yields the widest 'don't
know' zone which allows signals with lower signal-to-noise ratios to be
detected, as illustrated in Fig. 5-9. This argument is only valid as long as
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the threshold settings remain unchanged. However, in order to maintain
the same false-alarm rate for all cases, the threshold has to be changed
according to the maximum number of permitted 'don't knows'.

Strong signal with narrow Weak signal with wide
'don't know' zone 'don't know' zone
Fixed bipolar 4 Amplitude
threshold Grating lobe
+ + null Don't know
area
‘/1 IR d LI IS 7 7 77 l/l/////l.+‘/ LS
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1 =in phase
0 =in anti-phase
X = don't know

Figure 5-9 'Don't know'’ zone width for different signal strengths

When up to three 'don't know' states are allowed, a false-alarm
occurs as soon as at least one of the four detectors is triggered by noise at
the input of the DF system. For just up to one permitted 'don't know', the
event that three out of the four or all four detectors are triggered is called a
false-alarm. A comparison of these two cases shows that for a given false-
alarm rate, higher threshold settings are required in the former example
due to the different definition of the event 'false-alarm'.

Two contrary mechanisms can therefore be identified:

(1) The wider the permitted 'don't know' zone, the lower is the required
signal-to-noise ratio to detect signals from angles of arrival around
grating lobe nulls. (Fixed threshold assumed.)

(2) To maintain a constant false-alarm rate, the threshold setting must
be increased for wider 'don't know' zones. Higher signal-to-noise
ratios are then necessary in order to detect a signal.
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The question is now, which one of the two effects dominates and

whether the DF system should consequently be designed for the minimum
or maximum permitted 'don't know' zone width.

In order to answer this question, the different false-alarm

probabilities as a function of the threshold setting must be evaluated. The
definition of a false-alarm in the three investigated cases is:

@

(2)

II ! li II k 1 11 i.
A false-alarm occurs, when all four or any three of the four detectors
are triggered by noise at the input of the DF system.

Pogy = (E’z NP, AP, N Fz-A) U (Pz NP, NP, NP, , ) e
B Pr
(PP, NPy, APy, )U(Py AP, APy, APy, )U

J \
v v’

Pm P
(Ez NP, NP, N PZ—A)
Py ..(5.37)

since mutually
exclusive events

Py =P(lz5|>T) = P(zg, >T)+P(zy, <-T)

Py =P(|2y/u| < T)=P(-T <z, <T)

Pyen = P(|(2; £2,)/V2|> T) = P((z; £2,)/v2 > T)+P((2, £ z,)/V2 < -T)
P, = (I(ZziZA /«/—|<T) ( T < (zg % /\/_<T)

Since P, P, P;;, P;y and Py are mutually exclusive events, P,
becomes:

Popy =P +Py+Py +Py +Py

wo 'don't knows' all
A false-alarm occurs, when all four or any three or any two of the
four detectors are triggered by noise at the input of the DF system.
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P =1-I1 (Pz NP, NP, n?z_A)u(Pz nP,nP;,, an_A)u
Py Py
(PP, AP, nP; JU(P,nP, "Py,, AP, )U
Pm P
(PP, nPsanP;,) ]
\ 3 J .(5.38)

Since P, P, Py, Py and Py are again mutually exclusive events, P,
becomes:

Pue=1-(P;+Py+Py +Py +Py)

fa(2

(3) [ ' 1 1
A false-alarm occurs, when at least one of the four detectors is
triggered by noise at the input of the DF system.

Pfa(s) =1 —(Fx f\.].sA ﬁ-].SD,A nF}:—A) ...(5.39)

To obtain the desired false-alarm probabilities, the bivariate Gaussian
pdf must be integrated over certain regions in the z; z, plane. It is
convenient to use graphical methods to determine the relevant area for
each of the three different false-alarm definitions given in eqn. (5.37) to
eqn. (5.39). Fig. 5-10 illustrates this technique for the example of z; > T,
z, <-T, (2; —2,)/~2 > T and |(z,: +2z, )/«/5' < T, which is one of the possible
combinations of P, in eqn. (5.37). All different permutations of threshold
crossings that can yield a false-alarm must be examined in this way, and
the total area over which the pdf has to be integrated is obtained by piecing
together all individual regions. Fig. 5-11 shows the respective zones for up
to one, two or three permitted 'don't knows'.

Inspection of the correlation coefficient p;, (eqn. (A7.14)) shows that z;
and z, are uncorrelated when no signal is present (i.e. A=0). Since the two
variates are Gaussian, they are also independent when they are
uncorrelated, and the joint pdf simplifies to:

(25,2, ) = p(2;) p(2,) ...(5.40)
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Figure 5-11: Regions, over which to integrate for false-alarm rate calcu-
lations for up to 1, 2 or 3 'don't knows' per measurement
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p(z;) and p(z,) are Gaussian distributions with variances o7, and

02

Nz,

and have zero mean, since m,, and m,, are zero when no signal is
present. For the calculation of the false-alarm rate, it is convenient to
evaluate the complement of the regions defined in Fig. 5-11 and subtract it
from one to obtain P,. Since the pdf has zero mean and o?, =c?%, for A =0,
the bivariate Gaussian distribution is centred at the origin of the
coordinate system and the contours of equal probability are circles, as
discussed in section 5.2.2. For the integration, the relevant areas can be
broken down into smaller sectors, and by utilising the symmetry of the
pdf, it is not necessary to determine all sectors. The false-alarm

probability can now be obtained by evaluating:

P,=1- JIP(ZE) p(z,) dz;dz,
complement

region ...(5.41)

The contributions of the different sectors can be calculated by using
one of the following three different types of integral:

Type I:

p(z;)dz; | p(z, )dz, = erf erf| — ]
I : ”I (\/2%] [\/%fm ..(5.42a)

Type II:
X2 y
. X y
p(z, )dz jp z,)dz, =0.5| erf 2 |-erf 1 erf
J otz [ e 1o, [ 2 |-ort] 2 o L
...(5.42b)

erf{mz—] '-el'f[zzztryl]:ldzz

...(5.42¢)

Type III:

Ip (g { J'p )dz, |dz; =0. SIp Zy)

Zg+Yy

The remaining integration in integrals of type III must be done
numerically. The formulas for the Gaussian distribution, the variances
and the threshold are given in eqn. (5.25), eqn. (A7.9¢), eqn. (A7.10c) and
eqn. (5.29) respectively. Fig. 5-12 shows the false-alarm probabilities as a
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function of the threshold setting for up to one, two or three 'don't knows'
per measurement. It can be seen that the highest threshold settings are
required for up to three 'don't knows'. This confirms the argument of the
previous quantitative discussion that the threshold must be increased for
wider 'don't know' zones to maintain a constant false-alarm rate.

©

Up to

1Threshold in terms of standard __L 3 'don't knows'
- 8-deviation at integrator output: —r
S 73T = a/o? _-==1_ I~ Single channel
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Oﬂﬂmwmmwmww
L FTARA RPN PP G 4NN W
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Figure 5-12: False-alarm probability for up to 1, 2 or three ‘don’t knows’
per measurement in a 4 channel system

5.2.4. Probability of detection

The probability of detection for a given false-alarm rate can now be
calculated employing similar methods. The areas over which the bivariate
Gaussian pdf has to be integrated are the same as given in Figs. 5-11a-c.
However, the form of the density function is now different due to the
presence of & signal, which causes correlation. between the ¥ and the A
signals. The contours of equal probability of the bivariate pdf are now
ellipses instead of circles. The probability of detection is therefore defined
as:
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Py=1- J‘JP(ZZ’ZA) dz,dz,

complement

region ...(5.43)

where p(z;,z,) is the bivariate Gaussian pdf given in eqn. (5.31). One of the
two integrations can be carried out by changing the integration variable z,
to a, to enable the integration of the Gaussian pdf with variate a, mean pb
and variance v using the error function. The complement region can
again be subdivided into separately integrable smaller sectors, and the
contribution of one of these sectors is equal to:

1 f
P(zEl <2y <z; ,2Z, <2, SZA2)=EJ‘exp S w——

Iy ol

0.5 [erf("iu(zfsz ‘mnzA)"Pmb]_e rffcﬁu (2, —mm,)-pmbﬂ i,

oL, V2 v \ N2 v
(5.44)
with:
b = onzA (ZE - mnz; )
v= oizzcizA (1 - pm2)
The expressions for m,, , m,, , o , ol and py are given in

appendix 7 and the bounds for z, will sometimes be a function of z;. The
remaining integration in eqn. (5.44) must be done using numerical
algorithms.

The results for up to one 'don't know' event per measurement will
now be discussed in some detail, since they exhibit all the typical features
of the four channel system. After that, the discussion will be extended to
the case of up to two and up to three 'don't knows'.

The probability of detection as a function of ¢, which is the phase
difference between the reference and pair element, is shown in Figs. 5-
13a-c. As |in the case of a single channel, P, is again a periodic function.
This time, there are eight periods in a full cycle of ¢, since the four
channel system extracts three bit of DF information per measurement. In
contrast to the single channel (see Fig. 5-7), there is a finite probability of
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detection for all values of ¢, even for P, as low as 0.25 (see Fig. 5-13a).
This is due to the use of the ‘don't know' state, which allows us to deal
with angles of arrival around the grating lobe nulls of the pair. The
change in probability of detection is larger for medium values of P,  as
illustrated in Fig. 5-13a. This phenomenon can be explained by looking at
the graphs for the probability of detection as a function of the signal-to-
noise ratio at the antenna elements, as given in Figs. 5-14a/b. Changing ¢
has an effect similar to changing the signal-to-noise ratio at all elements,
with the difference that in the former case, the signal strength at only one
instead of both phase detector inputs changes. As can be seen in Figs. 5-
14a/b, a reduction in signal-to-noise ratio entails a decrease of the
probability of detection, and for a given change in signal-to-noise ratio, the
probability of detection will change more for medium values of P,, since
there the slope of the curve is steeper.

The same argument can be used to explain the differences in the plots
of Fig. 5-13b and Fig. 5-13c where the probability of detection is given for
different false-alarm rates and different numbers of integrated samples.
Fig. 5-14a and Fig. 5-14b show the corresponding curves of the probability
of detection as a function of the signal-to-noise ratio at the antenna
elements. The lower !the desired false-alarm rate or the larger the
number of integrated samples, the steeper is the curve of the probability of
detection, which yields larger excursions of the periodic P, functions in
Fig. 5-13b and Fig. 5-13c.

Figs. 5-14a/b show also the traces for ¢ = 22.5°. This value of ¢, or odd
multiples of it, yield the lowest probability of detection for a given false-
alarm rate and number of integrated samples (see Figs. 5-13a-c). The
difference between the trace for ¢ = 0° and ¢ = 22.5° gives the amount, by
which the minimum signal-to-noise ratio at the antenna elements would
have to be increased to compensate for the 'dips' in Figs. 5-13a-c. The
resulting minimum probability of detection would be irrespective of the
angle of arrival at least P, .. Ascan be seen in Fig. 5-14b, the difference
between the two curves increases only slightly with the number of
integrated samples. For a probability of detection of for example 0.9 and a
false-alarm rate of 106, an increase of about 1 dB in minimum signal-to-
noise ratio would be sufficient. However, a change of the false-alarm rate
clearly changes the amount of increase in signal-to-noise ratio needed to
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compensate the 'dips' (see Fig. 5-14a). The lower P, the larger the
required increase.

The signal-to-noise ratio at the antenna elements as a function of the
number of integrated samples for a constant probability of detection (P, =
0.9) and for different false-alarm rates is given in Fig. 5-15. The minimum
number of integrated samples in the graph is 100, since the Gaussian
assumption does not hold for smaller values. A comparison with single
channel results from Fig. 5-6b shows that the four channel system
requires a signal-to-noise ratio, which is about 0.5 dB higher, to achieve
the same false-alarm probability. The difference is of the same order of
magnitude for P, = 0.99 and P, = 0.5; the respective graphs for the four
channel system are not given here.

The corresponding graphs for up to two or three 'don't knows' have
generally the same tendencies as the ones for up to one 'don't know'.
However, inspection of Figs. 5-16a-c shows that the larger the 'don't know'
zones (i.e. the more 'don't knows' allowed), the smaller is the difference in
signal-to-noise ratio between the traces for ¢ = 0° and ¢ = 22.5°. As a
consequence, the probability of detection of the four channel system as a
function of the phase difference between the reference and symmetric-pair
element is less dependent on the ¢, or the angle of arrival respectively (see
Fig. 5-17). It should also be noted that the trace for up to two 'don't knows'
is offset by half a period relative to the other two plots. This just reflects the
fact that the boundaries of the subsections defined by two 'don't knows' are
also offset by half a subsector width relative to the subsector pattern
defined for one or three 'don't knows' (see chapter 4.2).

The required minimum signal-to-noise ratio as a function of the
number of integrated samples for up to one, two or three 'don't knows' is
given in Fig. 5-18. As can be seen, all three traces lie within one dB of each
other. This means that none of the two contrary mechanisms identified in
section 5.2.3. clearly dominates. Only a gain in signal-to-noise ratio of less
than one dB can be achieved by allowing wider 'don't know' zones. (The
average gain [averaged over ¢] in signal-to-noise ratio relative to up to 1
'don't know' is 0.69 dB for up to 2 'don't knows' and 0.93 dB for up to 3
'don't knows'.) However, as demonstrated in Fig. 5-17, wider 'don't know'
zones reduce the dependence of the probability of detection on the angle of
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arrival for low signal-to-noise ratios at the antenna elements, which is
highly desirable. The thresholds and the data processing of the
symmetric-pair direction finding system should therefore be designed for
up to three don't knows' events per measurement.

B biiUp to 1 'don't know' Probability of
detection:
g zzUp to 2 don't knows’ ; Pd=0.9
S = N4> =225"=
-84

g False alarm-rate:
Up to 3 don't kn0w§ Pr =10~

. = 0"biki

i

100 1000 10000

n =number ofintegrated independent samples

Figure 5-18: Required signal-to-noise ratio at the antenna elements as a
function of the number of integrated samples for up to one,

two or three 'dont know' events per measurement.

5.3. THRESHOLD CONSIDERATIONS

All previous calculations have been done on the premises that the
noise power at the input of the system does not fluctuate and the gain of
the IF amplifier stages is fixed. These assumptions slightly simplified the
relevant mathematics and allowed us to concentrate on the investigation
of the relations between threshold setting and the corresponding false-
alarm rates and probabilities of detection. However, the operating
conditions for a direction finding system will not be as ideal, and
measures have to be considered to cope with varying background noise
and changing IF amplification. (The AGO at IF is used to increase the
dynamic range over which the system can operate.) Two different
approaches will be considered and assessed in the following sections. The
first one uses a fixed threshold of the bipolar detector and assumes that
the output signal plus noise power of the AGO stage is always constant.
The second option uses a variable threshold, whose setting is derived from
the estimated actual noise power at the system input.
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5.3.1. Threshold set for constant signal plus noise power at the
output of the AGC stages

This method of setting the threshold is based on the realistic
assumption that the aggregate signal plus noise power at the output of the
IF AGC stage is always constant. Hence, the dynamic range of the AGC
circuitry must be such that this output power level is also reached in the
absence of a signal, i.e. by amplification of the input noise. This situation
yields the highest possible noise level at the bipolar threshold detectors.
Setting the threshold levels for the desired false-alarm rate for this worst
case, the actual false-alarm rate will be even lower in the presence of a
signal. Fig. 5-19 shows the design of the AGC stage as suggested in
chapter 4.4. As can be seen, the reference channel has an active AGC loop
and acts as a 'master’ to derive the AGC voltages for all three channels.
The two symmetric-pair channel amplifiers act as 'slaves' that follow the
'master’, to avoid gain imbalances between the three channels. Using the
reference channel as 'master' has the advantage that the AGC signal is
not affected when the system switches between different symmetric-pairs
in order to take a complete bearing.
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- —
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>< T I Downconversion to
a convenient IF
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—~es

IF amplifiers and filters

RV
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Figure 5-19: Downconversion and IF amplification of the signals
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The condition that the signal plus noise power at the AGC output is
constant can be expressed as follows:
2
Pycc,, = GAGC2(£-+N) = const.
2 ...(5.45)

where A is the signal peak amplitude and N the noise power in the
symmetric-pair and reference channels at IF. G,;. represents the voltage
gain of the IF amplifier. Neglecting the loss of the RF components and the
conversion loss of the mixer, the gain of the AGC amplifier for a given

noise power and signal-to-noise ratio at the antenna elements is then
defined as:

G_ - PAGCM _ PAGCM [mW]
AGC — A? - [S/N[dB]+N[dBm]) (N[dBm])
—+ N 10 10 +1 0 10

...(5.46)

To obtain the relevant formulae for the calculation of the probability of
detection, the expressions for the signal and noise components at IF (eqn.
(5.15) and eqn. (5.16)) must be multiplied with the factor G,;.. After
consideration of this factor in the rest of the analysis, it turns out that eqn.
(5.43) and eqn. (5.44) can be used to evaluate the probability of detection
subject to the following modifications of the expressions for the mean,
variance and threshold:

>

- 2
Innz,;,A - GAGC mnz;m ...(5.473)

2 % _ 4 2
o =Gpec ©

NZgy NZg/a . .(5.47b)

. _ 2
T =T G IA=0 ...(6.47¢)

where G, | 4o 18 the gain of the IF amplifiers in the absence of a signal,
which can be obtained from eqn. (5.46) with SN =-codB. It should be noted
that the correlation coefficient p;, is independent of the AGC amplifier
gain, since the amplifiers of the three IF channels have the same
amplification. Inserting the starred parameters from above in eqn. (5.44)
and using eqn. (5.46) to calculate G, for different signal-to-noise ratios, it
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is possible to evaluate the probability of detection as a function of the
signal-to-noise ratio at the antenna elements. Fig. 5-20 and Fig. 5-21 show
the relevant curves for various numbers of integrated samples and
different numbers of maximum permitted 'don't know' states per
measurement. Two sets of curves are contained in each diagram:

(1) The first set of curves was obtained for fixed gain of the IF amplifiers
and known noise level at the antenna elements. This means that the
noise power present at the bipolar threshold detectors is exactly
known and the probability of detection can be calculated using eqn.
(5.44), derived in the previous section. This will be referred to as the
‘ideal’ case or type I.

(2) The second set of curves was calculated for constant signal plus noise
power at the output of the AGC stages. The threshold is set for the
highest possible noise level at the bipolar detectors, which is
generated in the absence of a signal. As soon as a signal is present,
the noise level will be reduced due to the action of the AGC. The
curves were calculated with eqns. (5.47a-c) and the modified version
of eqn. (5.44). This will be referred to as the 'signal plus noise is
constant' situation or type II.

Inspection of Fig. 5-20 shows that the difference between both sets of
curves for the two threshold settings becomes smaller for larger number
of samples, and is virtually negligible for 10000 or more samples. This can
be explained by the fact that the minimum signal-to-noise ratio at the
antenna elements is determined by the number of integrated samples.
The more samples are integrated, the lower is the minimum required
signal-to-noise ratio, and the smaller is the signal component in the
output of the AGC stages. Low signal levels cause hardly any reduction of
the IF amplifier gain and the system is working close to ideal conditions,
i.e. the threshold is set for a known noise level. Comparison of Figs. 5-20a-
c also shows that the difference between the curves of type I and II for ¢ =
22.5 ° is always larger than for ¢ = 0°.

The effect of the number of permitted 'don't know' states per
measurement is investigated in Fig. 5-21. For up to one 'don't know', the
difference in signal-to-noise ratio between the curves of type I and II is
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negligible for large number of samples (recall Fig. 5-20c), since the
dependence of the probability of detection on the angle of arrival, i.e. the
difference between the traces for ¢ =0 ° and ¢ = 22.5 °, dominates.
However, for up to three 'don't knows', the probability of detection is only
marginally dependent on the angle of arrival and the difference in signal-
to-noise ratio between curves of type I and II can clearly be identified (see
Fig. 5-21c). Again, the difference is determined by the number of
integrated samples, and is just about 0.4 dB for 1000 samples.

In summary, it can be said that setting the threshold of the
symmetric-pair DF system under the assumption that the signal plus
noise power at the output of the AGC stages is constant introduces only a
small additional loss compared to the ideal case. This loss decreases for
growing number of samples and is of the order of 0.5 dB or less for a
minimum of 1000 integrated samples and up to one, two or three
permitted 'don't know' states. An advantage of this method is that neither
the instantaneous gain of the IF amplifiers nor the actual noise level at
the antenna elements has to be known for its successful application.

5.3.2. Threshold derived from estimated noise power

The second method to determine the threshold setting tackles the
problem from a different point of view. It is assumed that the noise level at
the antenna elements and the gain of the IF amplifiers remain
unchanged over the time it takes to calibrate the threshold and to take a
complete bearing, i.e. stable conditions. The objective is to estimate the
actual value of the noise power by sampling the cross-correlator output
and set the threshold accordingly.

Since just a finite number of samples can be taken, the estimated
noise power will deviate from the correct value and a certain variance or
standard deviation can therefore be assigned to it. The larger the number
of samples taken, the more precise will the estimate be. The relevant
mathematics are fairly well established for the case of Gaussian
distributed variates. Since the pdf of the cross-correlator output is non
Gaussian, as shown in section 5.1, the concept of Gaussian batches has to
be introduced [Leo 89]. A Gaussian batch is the number of samples that
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must be averaged in order to obtain a Gaussian distribution by virtue of
the central limit theorem. As discussed in section 5.2.1, groups of 100
samples of the cross-correlator output satisfy this condition.

The knowledge of the (in this case estimated) noise power at the
antenna elements is necessary to set the threshold and hence the false-
alarm rate correctly. As the false-alarm rate is a highly non linear
function of the threshold, it is not sufficient to calculate a mean threshold
value and insert it into the equations for the false-alarm probability. The
mean false-alarm rate has therefore to be evaluated which is defined as
follows:

Pfa

NgZ, ? ' ngZy

_ . . 2 2 .
- J. J- J-gth (Innﬂzz ’InnGzA ’snaz: ’Sn014 »a, n)

B[ g (fpys, Mpge, Shyey Sige, 18,005 )|

. : 2 2 . : : 2 2
p(mncz,: ’ InnazA ’ Snczz ’ snc,zA g ) drnn(,z,;drnnczAdsnaz,;dsnuzA ".(5 .48)

where a is the threshold setting in standard deviations of the cross-
correlator output and n the number of integrated samples. m,, and

S: ... are the unbiased estimators of the mean and variance of the £ and A
channel:

Ng ...(5.49a)

D)

k=1 ...(5.49b)

where n; is the number of Gaussian batch samples. m, , and s} in

NGZg/a

eqn. (5.48) are specific values of the random variables m, , and S, , .

The above formulation of the problem would allow us to calculate the
noise at the antenna elements even in the presence of a signal, i.e. the
additional noise components at the cross-correlator output due to the
signal x noise cross products are considered. However, it is impossible to
solve the relevant integrals in a closed form and multi dimensional
numerical integration would be necessary to evaluate them. Since the
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outcome of the calculation is the mean false-alarm probability, whose
value ranges over several orders of magnitude, rounding errors and
problems with the required precision of the numerical algorithm are
bound to falsify the results considerably. No attempt has therefore been
made to implement the above problem on a computer.

Nevertheless, it is still possible to assess the usefulness of the
sampling approach for setting the threshold of the bipolar detectors. The
calculations can be simplified by assuming that no signal is present,
when the threshold is calibrated. As a result, the output of the cross-
correlator does not contain any signal x noise cross terms and can easily
be related to the noise power at the antenna elements. The presence of a
signal for some of the time during the calibration would contribute to the
noise level at the correlator output and a higher threshold than necessary
would be the result. A block diagram that illustrates how to obtain the
threshold setting for a desired mean false-alarm rate from the sampled
output of a cross-correlator is given in Fig. 5-22. The X signal has been
chosen to estimate the threshold, but it should be noted that either of the
two channels could be used. With the above simplifications, the mean
false-alarm probability becomes:

ﬁfa = J.gfa (Sicz; ’a’n) p(sioz,;n(}) dsrzlcz:
- ...(6.50)

The function g, (sﬁcz:,a,n) is the expression for the exact false-alarm
rate given in eqn. (5.41) and eqn. (5.42a-c) and the relevant equations for
the variances of the X and A signal after summation of n independent
samples from appendix 7 can also be used. Only the formula for the
threshold must be modified, which is now defined in terms of the
estimated variance of the X cross-correlator output:

_ 2
T= a1/n Sngzs ...(5.51)

where n is the number of integrated samples and siclz a possible value of
the estimated variance of the correlator output signal. The pdf of the
variate Sﬁcz: is known in its normalised form, which is a chi-square
distribution with n; - 1 degrees of freedom [Pap 91]:
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...(5.52)

Note that the subscript gives the random variable under consideration
to avoid confusion. ofz is the variance of the X correlator output, which is
given in eqn. (A7.9¢) with n=1 and A=0:

= 16 ...(5.53)

Sampled and low-pass filtered signals from the
Tand A cross-correlator

Z channel A channel
yZ Compilation of N
Z Gaussian batches
&
Efménzat"r | Threshold estimation from
o Inczs sampled X correlator output
T= f(f’fa :SnGz: )
/
\
Generation of additional Z+A
r r C C S and Z-A signals and compari-
| | —_ - son with the bipolar threshold
3 A THA A | ) level
Calculation of the angle of arrival

Figure 5-22: Threshold derivation from the estimated noise power

A change of variate 1:0}S§Gzz employing the Jacobian of the
transformation leads to the following expression:

n, — S2 (292:2) n. — s2
(o acn o g

Zy

2 . -
psﬁc-; (S“GZ: g ) 2("02-1) 02 r( ng — 1)

...(5.54)
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where I'(x) is the Gamma function. It is now possible to calculate the
mean false-alarm probability by inserting the above formulae in eqn (5.50)
and carrying out the required numerical integrations. The mean false-
alarm rate for up to one, two or three 'don't knows' as a function of the
threshold setting and the number of Gaussian batch samples n; is given
in Figs. 5-23a-c. The traces for n; — - represent the case where enough
samples have been added so that the estimate is the exact value of the
variance at the cross-correlator output. These curves are identical with
those in Fig. 5-12. It can be seen that for a given threshold setting, at least
100 Gaussian batch samples should be added to obtain a mean false-alarm
rate that is reasonably close to the exact one.

The corresponding mean probability of detection is defined as follows:

P, = Jgd (sﬁcz:,a,n) p(sﬁm;nc) ds? .
— ...(5.55)
The function g, (sﬁoz: ,a,n) is defined by equations and (5.43) and (5.44),
and p(sﬁm;nc) is given in eqn. (5.54). The expression for the threshold in
gd(sﬁG,:,a,n) is again changed according to eqn. (5.51). Figs. 5-24a/b show
a typical set of curves for the mean probability of detection.

It can be seen that the summation of only 10 Gaussian batch samples
to estimate the noise power at the correlator output yields an unacceptably
high increase in the required minimum signal-to-noise ratio, which is
needed to obtain the desired mean false-alarm probability. This result was
expected from the earlier mean false-alarm rate calculations. Further
calculations yield that the increase in minimum signal-to-noise ratio is in
the order of 0.3 dB or less for 100 or more Gaussian batch samples
irrespective of the number of permitted 'don't knows'. Fig. 5-24b also
shows that the increase in the minimum signal-to-noise ratio is slightly
worse for ¢ = 22.5°, i.e. when probability of detection is lower due to the
signal's angle of arrival.

The mean probability of detection is therefore very much dependent on
the number of integrated Gaussian batch samples. The additional loss in
signal-to-noise ratio due to this threshold setting technique is only
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Figure 5-23: Mean false-alarm probability as a function of threshold setting

and number of Gaussian batch samples for up to 1, 2 or 3
‘don’t know’ events per measurement. (The threshold is given in
standard deviations of the correlator output.)
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Figure 5-24: Mean probability of detection as a function of the signal-to-
noise ratio at the antenna elements for different numbers of
Gaussian batch samples ng.

tolerable if more than 100 Gaussian batch samples are added, which is
equivalent to the summation of 10000 independent samples at the cross-
correlator output.

5.3.3. Comparison of the two methods

In order to compare the different threshold setting techniques, it is
convenient to define a loss factor L. The loss factor for a given false-alarm
rate and number of integrated samples is the difference in signal-to-noise
ratio between the curves for the approximated and exact threshold for a
certain probability of detection:
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L[dB]= & [@B]-5|  [dB]

Py=x,exact T ...(5.56)

P4=x,approx. T

'Approximated threshold' means that the threshold is either set
under the assumption that the signal plus noise power is constant at the
output of the AGC stage, or it is set for the estimated actual noise power at
the correlator output. The signal-to-noise ratio that gives the desired
probability of detection was evaluated using the equations for the
calculation of P, and P, (e.g. eqn. (5.43)., eqn. (5.50)) and by interpolating
between sets of data. The loss factor for up to one, two or three 'don't
knows' and for ¢ = 0° or ¢ = 22.5° is given in Figs. 5-25a-f. The main
difference between the two threshold setting techniques is that the loss
factor becomes smaller for an increase of the number of samples when the
threshold is set for constant signal plus noise power, whereas for the
estimation approach, the loss factor is virtually constant and only
dependent on the number of Gaussian batch samples n;. It can be seen in
Figs. 5-25a-f that for more than 1000 integrated samples and n; = 100, both
techniques give a loss factor of less than 0.5 dB. It is also apparent that the
larger the number of permitted 'don't knows', the smaller is the
difference between the loss factors for ¢ = 0° and ¢ = 22.5° for a certain
threshold setting method. This is due to the fact that the difference in
signal-to-noise ratio for the two values of ¢ becomes smaller for wider
'don't know' zones (see Figs. 5-16a-c).

As a short summary of the previous discussion, the main properties
of the two threshold setting techniques are compared below:

(1) Threshold setting for constant signal plus noise power at the AGC
output is easier to implement, adjusts itself inherently and does not
need constant recalibration, in contrast to the technique based on the
estimated noise power at the correlator output.

(2) At least 100 Gaussian batch samples must be used in the estimation
method to obtain a similar loss factor for both techniques for more
than 1000 integrated samples. This can prove to be rather time
consuming, dependent on how often the threshold must be
recalibrated.
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(3) The analysis for the threshold derived from the estimated noise power
is based on the assumption that no signal is present when the
measurements for the threshold calibration are carried out, which is
in practice hard to achieve. The presence of a signal during the
calibration would cause too high a threshold level.

In view of the above arguments, it is evident that the threshold setting
technique that is based on the assumption of constant signal plus noise
power at the output of the AGC IF amplifier should be implemented in the
symmetric-pair DF system.



6 FURTHER APPLICATIONS OF THE SYMMETRIC-
PAIR PRINCIPLE

6.1. SYMMETRIC-PAIRS IN COMMUNICATIONS

The previous three chapters concentrated on the application of
symmetric-pair arrays in direction finding. However, it is also possible to
use this type of array for communications. An important property of
communications antenna arrays is their ability to accomplish agile beam
forming in order to adapt to often quickly varying demands. Due to the
binary character of the output of symmetric-pairs and the use of equal and
opposite phase shifts for beam steering, which halves the number of
control parameters to be calculated, symmetric-pair arrays have obvious
potential for fast and simple beam forming techniques. The capabilities of
symmetric-pair antenna arrays in this field will be investigated in the
following section.

Another aspect of communications will be studied in a later section;
the idea of an antenna array with isotropic reception gain. This type of
array would be useful for mobile communications, where signals with
sometimes rapidly varying field strengths from constantly changing
directions must be processed. An antenna array with omnidirectional or
isotropic reception gain would therefore improve the link budget between
the base station and the moving vehicle.

6.2. BEAM FORMING WITH SYMMETRIC-PAIRS
6.2.1. The principle of beam forming with symmetric-pairs

To form a beam with a symmetric-pair array, it is necessary to steer
the beams of all pairs in the wanted direction. This is easily possible,

174
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because each symmetric-pair can be treated as an independent subarray,
whose beam pattern can be steered by means of equal and opposite phase
shifts at the elements (see chapter 2). This kind of beam steering has
already been used in land-mobile satcom arrays [Bre 91].

Since the output signals of all pairs are essentially in phase or anti-
phase to each other, a beam can be formed by reversing the signs of all
signals which are in anti-phase. Reversing the sign of the output signals
is in effect equivalent to using £180° phase shifts at the elements of the
relevant pairs. This method of beam-forming yields a maximum deviation
of the signal vectors from the ideal co-phasal summation of +90°. It is
reasonable to expect that the phase error of a large array with randomly
distributed pairs is uniformly distributed over this range. Hence, the
average voltage loss for the X or A output signal compared to fully co-
phasal summation can be defined as:

1% 2
= Jcos¢ do = p
—x2 ...(6.1)

which is equivalent to 3.92 dB. If the signals of the two orthogonal X and A
channels are combined as shown in Fig. 6-1, the average aggregate power
is doubled and the total loss reduced

/Elements\ to 0.91 dB. (It should be noted that
l the 90° phase offset between the X
and A signals has to be
compensated). Thus it is possible to

Yy A .. perform beam forming with
Sign inverter . ) .

symmetric-palr arrays using

! / standard components like 180°

1 1 hybrids and sign inverters which
i ’-/ are broadband and readily available.

__-180° Hybrid

The above method is very
simple and effective, but has an
) inherent residual loss of 0.91 dB
I compared to fully co-phasal

Figure 6-1: Simple X and A beam summation. To avoid this problem
forming with a symmetric-pair other beam forming methods which
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do not have these restrictions can be used. In the next two sections,
possible alternatives will be introduced and discussed.

6.2.2. Beam forming with phase shifters

As outlined in the previous section, it is necessary to generate equal
and opposite phase shifts at the elements of a symmetric-pair in order to
steer its beam. The simplest way of doing this is to use variable phase
shifters at each element and to add both signals with a power combiner.
The output signal of each pair is given by (see section 2.2.2.):

V,, = V2V cos(0 +Ap) ™ .(6.2)

Examining eqn. (6.2), it is obvious that by applying the correct phase
shift at the elements it is possible to compensate the phase lead and lag at
the pair elements and achieve fully co-phasal summation, which yields
maximum output signal. With an n-bit incremental phase choice for each
element of a symmetric-pair, the voltage loss L relative to perfect co-
phasal summation is equal to:

L .
L= .2_. J cos¢ d¢ = .Sinﬂz_).
2n n/2"
—nf2n ...(6.3)

Table 6-1 shows the loss for different numbers of discrete phase steps.

n [2™ number of discrete 1 2 3 4
phase steps]

Loss [eqn. (6.3)] 0.637 0.900 0974 0.9%4

Loss dB 3.92 0.91 0.22 0.056

Maximum phase deviation . . . .

from the condition for co- 190 +45 122.5° $11.25

phasal summation

Table 6-1: Loss recovery by use of discrete compensating phase shifts



6.2. Beam Forming with Symmetric-Pairs 177

Note that n=2 defines the phase to the appropriate quadrant, just like
the signs of the £ and A output. The corresponding mean reduction in
array gain is therefore identical. It is evident that the loss is very small for
3 or 4 bit phase shifters. If vector modulators are used as phase shifters,
this arrangement can perform beam forming over a wide frequency range
but has an inherent insertion loss of 6 dB due to the type of phase shifter.
With switched line phase shifters, beam forming is usually restricted to
narrow band applications, and only a small number of line segments per
phase shifter should be used to keep the insertion loss low.

To confirm the beam steering capabilities of symmetric-pair arrays, a
2D prototype with 3 pairs has been built. The antenna elements were
monopoles mounted on an aluminium ground plane. The prototype array
is shown in Fig. 6-2. The amplitude pattern of the array with equal
phasing for all six elements is shown in Fig. 6-3. It can be seen that there
is very good accordance between the theoretical and the measured pattern.
As a simple demonstration of beam forming, manually controlled line
stretchers were used in the experiment to provide equal and opposite
phase shifts for each pair. Fig. 6-4 shows the result for a beam steered to
-30°. Its mean sidelobe level of -7.43 dB is in good agreement with the
calculated value of -7.78 dB for a 6 element array. The high backlobe at
120° is a property of the array configuration, not an artefact of the specific
manner of phase steering. The differences between measurement and

%O
_—135°
+90°
® : Monopole
Spacings @10 GHz;
Pairl: 2 A
Groundplane Pair 2: 4/3 A
+180° Pair3: 1 A

Figure 6-2: Configuration of the prototype array
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calculation for rather low sidelobe levels are due to mutual coupling
between the elements and obscuration effects caused by the neighbouring
elements.

6.2.3. Beam forming using a bus-bar system and amplitude weighting

A further development of the very simple system introduced in section
6.2.1. is to use bus-bars combined with amplitude weighting of the X and A
signals. This scheme is a modified version of a vector modulator.
Following the block diagram in Fig. 6-5 bottom up, it can be seen that the
required phase shifts are obtained by generating two quadrature signals,
which are weighted in proportion to the sine and cosine of the required
phase shift. The 180° hybrid for the summing process at the antenna
elements finally provides the equal and opposite phase shifts for each pair.
Sign inverters are used to realise the negative amplitude weights. Each X
output of a symmetric-pair is switched to the +X or -X bus-bar and the A
signals to the +Y or -Y bus-bar respectively. The output signal of a bus-bar
system for one pair is given by (see Fig. 6-5):

\Vs .
V= —cos(6-Ad) &
ow = 73 05(0 0)e ..(6.4)

Eqn (6.4) clearly shows that weighting of the £ and A signals of the
hybrid with cos A¢ and sin A¢ yields maximum output signal.

If the amplitude weights are stepped in equal increments of ¢, the
mean reduction of array gain compared to fully co-phasal summation is
equivalent to the loss of a symmetric-pair array with digitised phase
shifters at each element as described in the previous section. On top of that
loss, which is dependent on the step size of the weights, is a bus-bar
inherent insertion loss of 6 dB. (This assumes that external noise exceeds
the noise generated by the system.) Fig. 6-5 illustrates how this loss arises.

Without any amplitude weighting, the bus-bar system is a
generalised form of the beam former introduced in section 6.2.1 and
matches the phases of the elements of each pair to the nearest quadrant
which entails
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a mean reduction in array gain of 0.91 dB. An advantage of this version of
the bus-bar system is that 'off the shelf components' can be used for its
realisation. All bus-bar beam formers are broad band, whereas in the case
of beam forming with phase shifters the bandwidth of the system depends
on the type of phase shifters used.

6.2.4. Comparison of the beam forming methods

To allow simple comparison of the two beam forming methods, beam
forming networks that match the signal vectors to the nearest quadrant
have been chosen. Their corresponding average loss compared to fully co-
phasal summation is 0.91 dB. The beam former with equal and opposite
phases shifts requires therefore two bit phase shifters, and no amplitude
weighting is used in the bus-bar system.

Table 6-2 gives a list of the hardware required for a system with p
pairs. The number of PIN diodes needed in the case of switched line phase
shifters at the elements is based on the assumption that 4 diodes per bit
(phase shift section) per element are needed. With the bus-bar system, 4
PIN diodes are required to switch each of the hybrid output signals to the
appropriate bus-bar, since the unused bus-bar input must always be
terminated with a load. Examining Table 6-2, one can see that the bus-bar
method requires less hardware for large arrays. For small arrays, phase

Item Phase shifts at elements Bus-bar system
PIN diodes 16p 8p
Power combiners 1 with 2p inputs 4 with p inputs
2 with 2 inputs
180° phase shifters 2p 2
90° phase shifters 2p -
180° hybrids - P
90° hybrids - 1
Loads - 2p

Table 6-2: Comparison of the two beam forming methods in terms of
hardware
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shifters at the elements seem to be an attractive solution, because they
allow more flexible use of the phased array and no additional 180° hybrids
are needed.

6.3. SYMMETRIC-PAIR ARRAYS FOR GAIN WITH ISOTROPIC
COVERAGE

6.3.1. Introduction to gain with isotropic coverage

To understand why conventional arrays cannot have gain with
isotropic coverage (i.e. gain irrespective of the received signal's angle of
arrival), it is helpful to consider first of all an arbitrary antenna array
with a diameter of less than half a wavelength. In such an arrangement,
the contribution from each antenna element will always increase the total
array power irrespective of the angle of incidence of the signal. This is
because the phases of the antenna elements are only distributed over 180°.
Enlarging the array diameter increases the proportion of the plane
wavefront incident on the array aperture, but it worsens the phase
mismatch of the elements. In large arrays with many radiators, the
phases of the elements are randomly spread over 360°. As a consequence,
signal cancellations due to phase reversals occur when the contributions
from all elements are added. Because of these phase mismatches, it is
impossible to achieve gain with isotropic coverage with conventional
arrays. The proportion of the incident power that couples into such an
array varies therefore inversely with the aperture.

6.3.2. Gain with isotropic coverage with symmetric-pairs

In symmetric-pair arrays, irrespective of the size and geometry of the
antenna system, all X output signals are co-phasal (except for the sign
ambiguity), and so are the A outputs. After compensating the 90° phase
shift between the two channels with a broadband phase shifter, all output
signals of a symmetric-pair array are in phase or anti-phase to each other
for all angles of incidence.
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The sign ambiguity can be removed by squaring these signals, which
results in co-phasal double-frequency components. Combining these
coherently for N elements (using the X and A outputs from the pairs), the
signal-to-noise ratio would improve by the factor of N. Since the frequency
channels are spectrally distinct, the superposition from either the signals
or the noise from multiple channels can be avoided. However, the input to
any such system must be band-limited, to avoid intermodulation products.
Additional frequency bands therefore need their own set of squarers and
summing network (Fig. 6-6). To save hardware, the compensation of the
phase difference between the X and A channels can be done after squaring
and adding the signals from the different symmetric-pairs.

metric-
palr

180° hybrid

\,
/

Narrow band filters

’_\L —~p ’\lu ’\(LJ —— ,_i/ for different
IR IR IR IR R frequency channels
1 2l sl 1 2l 3l
2 Squaring 2
O) circuits )
Frequency band 1, Frequency band 1,
T inputs ~_ High-pass ~ Ainputs
from other pairs Bt filters Y~ from other pairs
L1l L1101
) z
I
T
Z l—
Combining network

Figure 6-6: Configuration for isotropic reception-gain

Since the received signal will be squared prior to demodulation, not
all types of modulation are suitable for this isotropic reception-gain
principle. On-off keyed signals can clearly still be decoded, and it is also
possible to recover amplitude modulated signals with small modulation
indices. AM signals with large modulation indices would be distorted by
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the squaring process. Any continuous frequency modulation is preserved
in frequency doubling, although the frequency excursions will be doubled
and it will be subject to an absolute sign ambiguity for large excursions.
The information contained in a phase reversal keyed signal will be
virtually lost, since the 180° inter-baud phase transitions will be reduced to
cusp-like dips in amplitude.

In addition to the squared version of the signal, the squaring process
produces two coherent cross products: noise x signal and signal x noise.
As appendix 8 shows, their combination results in a 6 dB signal-to-noise
degradation for reasonably strong input signals. There is no further loss
to alternative solutions, since the output signals of the hybrid after
squaring are in the form of cos? + sin2, which is equivalent to optimum
weighting. The net gain of such an antenna (relative to the gain of one of
its elements) would thus be:

G = 10 logloN - 6 dB ...(6.5)

According to eqn. (6.5), the number of elements required to
compensate the initial loss due to the squaring process is 4 (= 2 pairs). Any
additional pair will then contribute to the net array gain. When the input
signal-to-noise ratio at the elements is smaller than -3 dB (see eqn. (A8.9))
the so far neglected noise x noise term becomes larger than the noise x
signal and signal x noise terms. A square law detector would then further
degrade this unfavourable input signal-to-noise ratio, prior to its
enhancement by the array gain.

The gain with isotropic coverage is only relevant to the system's
internal (thermal) noise. When external noise or interference is
dominant, e.g. at low HF, the noise of the different symmetric-pairs is
correlated and a logic based selection from the outputs of a set of
directional beams would yield a better signal-to-noise ratio at the array
output. It should be also noted that the non isotropic radiation patterns of
the elements of each pair introduce a certain directivity in the combined
array response. However, by using additional pairs and orientating them
randomly in different directions, a combined array response which is
virtually isotropic can be achieved.
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6.3.3. Experimental verification of the principle of gain with isotropic
coverage

Experiments have been carried out to prove the validity of the isotropic
reception-gain principle. In both experiments, the signals from each pair
were fed into a crystal detector. Its DC signal is the 'lower sideband' of the
squared signal, which was chosen for experimental convenience. The
resulting DC outputs were then amplified, summed and digitised for
further data processing.

In the first experiment, the X output signals of the three pair
prototype (see section 6.2.) were added after detection. The aim of this
experiment was to demonstrate that by using just the X signals of three
symmetric-pairs, it is already possible to avoid deep nulls in the antenna
pattern. Fig. 6-7 shows the excellent agreement between simulation and
measurement. The simulated pattern was calculated by adding the
squared output signals of the three pairs without taking the effects of
mutual coupling into account.
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Figure 6-7: Patterns of the 3 pair prototype array after squaring and
summation of the X signals

The second experiment demonstrates that it is feasible to achieve an
omnidirectional pattern from a single pair of elements by squaring its
and A outputs and adding the two signals. Fig. 6-8 shows the measured
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signal after square-law detection and summation of both hybrid outputs
(1) as well as the X (2) and A (3) outputs of the hybrid prior to summation.
Curve (1) clearly demonstrates the generation of an omnidirectional
pattern from a single pair of elements. In practice, however, mutual
coupling with other symmetric-pairs will introduce a certain amount of
direction dependence in the isotropic pattern for narrow pair spacings.
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Figure 6-8: Measured patterns of a symmetric-pair with 2 A spacing in

isotropic mode



7 SUMMARY AND RECOMMENDATIONS

7.1. SUMMARY

In summarising  the material presented in chapters 2 to 6, the
following statements can be made:

7.1.1. Symmetric-pairs in general

It has been shown that the concept of processing the signals of pairs
of antenna elements is simple but powerful, and each symmetric-pair can
be treated as an independent sub-array which standardises and simplifies
the relevant calculations. The symmetric-pair principle is broadband and
works therefore over a wide frequency range.

The output signals of symmetric-pairs are ideally just in phase or
anti-phase with each other irrespective of the signal's angle of arrival.
This inherently binary characteristic eases the extraction and processing
of the relevant information and makes symmetric-pair arrays quite robust
against phase and amplitude errors.

Depending on the applied processing technique, symmetric-pairs

quantise the phase of the received signal to the nearest hemisphere,
quadrant or octant.

7.1.2. Symmetric-pairs in direction finding

Fully unambiguous 3 dimensional direction finding can be performed
with symmetric-pair arrays, and both azimuth and elevation angle of the
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received signal can be determined. Symmetric-pair DF systems are very-
wide-aperture direction finders.

The required algorithms and techniques for direction finding with
symmetric-pairs have been developed, and it has been found that the most
effective arrangement for direction finding is a set up with three mutually
orthogonal collinear axes. The accuracy of such a symmetric-pair
direction finder varies by a factor of only 42 in azimuth and elevation over
the entire three dimensional space.

No highly accurate amplitude or phase measurements have to be
carried out to locate the angle of arrival, since the polarity of the baseband
signals contains the relevant information. The effects of mutual coupling
are reduced due to the symmetry of the antenna configuration of the DF
system.

Symmetric-pair direction finders are susceptible to multi-signal
conditions. Additional signals in the same frequency band can cause a
shift of the phase transition angles and lead to incorrect bearings.

Three different possibilities to enhance the system sensitivity at
baseband have been examined and compared in detail. In conclusion it
was decided to use the integrate and dump approach, which allows fast
measurements combined with the best possible signal-to-noise ratio
improvement and is entirely hardware based.

The introduction of the 'don't know' option as a third possible state for
the baseband signal allows the system to cope with angles of arrival that
are close to the nulls in the grating lobe pattern of a pair. As a
consequence, the probability of detection of the DF system is virtually
independent of the angle of arrival.

Two different strategies to set the threshold of the bipolar phase
detector bank have been developed and assessed. The method where the
threshold is set for constant signal plus noise power at the AGC output
proved to be the better solution because it is easy to implement, adapts
itself inherently to varying noise levels and does not need constant
recalibration.



7.1. Summary 189
7.1.3. Symmetric-pairs in communications

Symmetric-pair arrays can be used for agile beam forming. Discrete
equal and opposite phase shifts at the elements or a bus-bar system yield
an array gain that is close to the gain achievable with fully co-phasal
summation.

The use of equal and opposite phase shifts to improve the DF accuracy
or the array gain in beam forming halves the number of control
parameters to be calculated.

Gain with isotropic coverage for reception can be obtained with
symmetric-pairs, which was not possible with any of the previously
known array configurations. The experimental results have shown
conclusively that it is possible to generate omnidirectional coverage from a
single pair of elements.

7.2. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

In view of the above summary it can be said that the symmetric-pair
concept for antenna arrays is certainly worth pursuing. It exhibits
features such as the binary character of the pair output or the relative
robustness against phase and amplitude errors that make it attractive for
many applications. Apart from the investigation of the general properties
of symmetric-pairs, the emphasis of this thesis has been on the
examination of the potential of this novel type of array for direction
finding. Initial experiments and theory strongly suggest that symmetric-
pair direction finders could be an interesting alternative to current DF
systems. This is mainly due to the fact that all known multi-channel
direction finders need extremely well matched channel responses. (The
amplitude and phase responses of different channels must often be
matched to fractions of a dB or degree.) Symmetric-pair DF systems do not
have to meet such stringent requirements since they are more tolerant of
these errors.

The graphs and tables provided in this thesis allow the design of a
symmetric-pair DF system to given specifications, such as minimum
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accuracy, average time for a complete bearing, system false-alarm rate or
system sensitivity.

To see whether the predictions for the performance of symmetric-pair
direction finders are correct, it is necessary to build a fully operational
prototype as soon as possible. Since symmetric-pair DF systems are very-
wide-aperture direction finders, it is recommended to choose an operating
frequency around X-band, to obtain reasonable dimensions for the
prototype, which eases construction and testing. Higher frequencies are
not advisable, because technology becomes more complicated and
vulnerable, and unwanted side effects are bound to lead to unnecessary
complications. The initial prototype should only be two dimensional and
cover not more than one hemisphere, since this is sufficient to prove the
principles. Because the test array does not need to be very sensitive, short
non-resonant monopoles are a possible choice for the antenna elements,
as they are easy to manufacture, yield reproducible identical patterns and
reduce mutual coupling effects.

A combination of the direction finding and beam forming capabilities
of symmetric pair-arrays is also worth considering. In communications it
is possible to have situations where the exact location of a transmitter is
unknown. The same array could then be used to locate the emitter in the
first place and subsequently form a beam in its direction to obtain a high
enough signal-to-noise ratio that allows reliable communication between
the two stations.

Further investigations of the communications aspect of symmetric-
pair arrays could also include a more detailed analysis of the effects of
squaring on different types of modulation. This would help to characterise
the signal requirements for symmetric-pair arrays that are used for gain
with isotropic coverage.
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A1 SECOND METHOD TO DERIVE THE OUTPUT
PHASE OF A SYMMETRIC-PAIR WITH PHASE AND
AMPLITUDE ERRORS

The alternative derivation of the phase ¢, of a symmetric-pair with
phase and amplitude errors explores the relationships between the vectors
of the symmetric pair as shown in Fig. A1-1.

* (Reference phase)

I
| A Reference phase

¢pae
[-¢+ ¢e|/ ’/
Error affected vectors ' ii [ 0+,

of the symmetric-pair V 4+ AV T 5

Figure Al-1: Vector representation of phase and amplitude errors of a
symmetric-pair

\Y

To calculate ¢_,_, the following relation can be used [Bro 83]:

pae?

_ csin(a)
tan(y) = b-c cos(a)’
(Al.1)
With Fig. Al-1 and eqn. (Al.1), ¢,,. is now defined as:
3 . | _ Vsin(n —2¢)
Poue =040, —0=0+0, arCtan(V+AV—Vcos(1c—2¢)]
3 B Vsin(2¢)
=0+0. arcmn(AV+2Vcosz(¢)J (A1.2)
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Using the following formula [Bro 83],

arctan(x)+arctan(y) = arctan( lx_:': Y )

Xy ...(A1.3)
eqn. (Al1.2) can be modified to:
tan(6+0,) - Vsin(2¢)
_ arct *’ AV +2V cos®(9)
Opas = arctan Vsin(26)
1+tan(¢+9¢,) s
AV +2V cos®(¢) (A1.4)

After some manipulations, it is possible to bring eqn. (Al1.4) in the
following form:

(2V + AV)cos(¢)sin(¢, ) + AV cos(¢)sin(¢ )}

Opae = amtan((zv-;-AV)c0s(¢)cos}(¢e:)—AV sin(¢)sin(¢, )

...(A1.5)

To be able to compare the above derivation with the result obtained in
section 2.5.3, it is convenient to rearrange eqn. (2.18). With the help of eqn.
(Al1.3), eqn. (2.18), which was obtained by superposition of the results for
amplitude and symmetrical phase error only, can be rewritten in the
following form:

AV
M 2V + AV tan(¢)

tan(¢)

tan(o. )
1-tan(¢,)

AV
2V + AV

Gpae = e + arctan( tan(¢)) = arctan

AV
2V + AV

_ arctan[ (2V + AV)cos(¢)sin(¢, )+ AV cos(¢)sin(¢ ) J

(2V + AV )cos(¢) cos(¢, ) — AV sin{¢)sin(¢,)
...(A1.6)

A comparison of eqn. (Al1.5) and eqn. (Al1.6) shows that the two
expressions are identical, which means that both derivations yield the
same result.



A2 DERIVATION OF THE AZIMUTH AND ELEVATION
ANGLE IN THE LOCAL COORDINATE SYSTEM

In this appendix, the angles o, and ¢, are derived in a local coordinate
system for given ¢_,..;, ®conee and 7. It can be - seen in Fig. A2-1 and Fig. A2-
2 that the calculations are based on the assumption that the intersections
take place on the surface of a unity sphere. Furthermore, the variables a_
and o, stand for the adjacent and opposite of a right-angled triangle with

the angle ¢ a, b and ¢ are auxiliary parameters.

cone x*

Using Fig. A2-1, the following expression for the elevation angle ¢,
can be obtained:

sin(g,)=h/1 ...(A2.1)

As can be seen in Fig.A2-1, h can be expressed as:

h? =o,* - c* ...(A2.2)
where:
0, =1sin(¢,., ) ...(A2.3a)
b
c=—
sin(Y) ...(A2.3b)

With Fig. A2-2, b can be derived as follows:

b=a2-a * (A2.4)
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where:
8y =1c0S(Oegnes ) ...(A2.5a)
a =a,cos(y) ...(A2.5b)
and:
a, =1¢08(Ocone1 ) ...(A2.6)

Using eqns. (A2.3b) to (A2.6), the following expression for ¢ can now
be derived:

c= (COS(q)conez) cos ¢cone1 COS ) Sln ...(A2.7)

Manipulating eqn. (A2.1) with the help of eqn. (A2.2), eqn. (A2.3a) and
eqn. (A2.7) leads to the formula for the local elevation angle ¢,

€,y = Tarcsin \/ (sin(q)me1 ))2 - ( €0S(Peonez ) = €OS(Peoner ) COS(Y) )

sin(y) .(A2.8)

The + sign for the elevation angle takes the ambiguity of the
intersection into account (see Fig. A2-1).

Fig. A2-1 defines the azimuth angle «, as:

C
tan(c, ) = ———
(cx,) c0S(®eoner ) ...(A2.9)

After substitution of eqn. (A2.7) into eqn. (A2.9), the local azimuth
angle is equal to:

COS(¢mneg) - cos(q)conel ) COS(Y)J

o, = al‘Ctan( Sln(Y) COS(q)conel )

...(A2.10)
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® Intersection with the
rim of the other cone

Figure A2-1: Derivation of the local azimuth and elevation angle

¢cone1
/ 1
< '/ // al y { } ¥ »é
N e )\ .
a \Y
X7 \\ c
0
a 9 ¢cone2 \
\
b
1 ® Intersection with the

rim of the other cone

Figure A2-2: Derivation of the local azimuth and elevation angle (Top view)



A3 SoLID ANGLE COVERED BY THE INTERSECTION
OF TwO CONES FROM ORTHOGONAL AXES

The area of a (mathematically) smooth surface is defined as [Spi 88]:

2
J:[Jl+ oz + -aEJ dx dy
%y ..(A3.1)

where z = f(x,y) is the equation that describes the surface. In this

calculation, the surface under consideration is the surface of a unity
sphere, and z is therefore equal to:

z=41-x2-y? ...(A3.2)

Hence, the integral to be solved has the following form:

Y2 X 1
JIJ‘———I_ ———dx dy
o VITY X ...(A3.3)

Integrating eqn. (A3.3) with respect to x gives:

Ya

arcsin dy - arcsin[ de
yj, (:\_/1‘3’) j -y’ .(A3.4)

These are now two integrals of the type:

; c
arcsin dz
j (Vl-zz J ...(A3.5)

After integration by parts, eqn. (A3.5) becomes:

y3

cz

zarcsin(ﬁj-.,‘(l_zzwl_zz _

dz

...(A3.6)
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With the substitution u =1 - z2, eqn. (A3.6) can be rewritten as:

zarcsin[——c—) - Jﬂ du
vi-z*) J2uvu-c’ ..(A3.7)

Expanding eqn. (A3.7) with 41-u finally gives:

zarcsin( ¢ ] —j < du +J‘ ¢ du
V1-2z2 2\/—u2 + (c2 + l)u —~c? Zu\/-u"’ + (c2 +1)u —c?
...(A3.8)

These are integrals containing Yax2 + bx + ¢ that can be solved with
the help of standard integral tables (e.g. [Gra 80], integrals No. 2.261 and
No. 2.266, or [Bro 83], integrals No. 241 and No. 258).

Equation (A3.4) can now be manipulated with the help of eqns. (A3.5)
to eqn. (A3.8), which leads to the following expression for the surface
integral:

sz‘mdx dy =

1%

/ 3\ ( 2
- %2 +1)(1-y 2x
yg arcsin| ——2 X2 arcsi —1—2”}+ 1 arcsm[ - )( 2 ) 2 }—

S N W (1-y2)” -]

( X2 x22—1—2y1 X2 +1)(1 yl) 2x22

(
. Xg . 1
y; arcsin +—=arcsin =T + —arcsin 2 -
\;h‘_ylzj 2 \ Xo —ll 2 [ 1 Y. )X2 -1

( 2 2) x,2 +1)(1-y,2

. . -1- : —Y2 )-2x

¥, arcsin| —— - +ZL arcsin -’-{-l——t—-ﬂ%- + L aresin ( . )( > 22) |+
(V1-¥2 x,% -1 2 1-yt fx,2 -1 )

)’181‘CSin( IL_ |+ ZLaresin ————1 2y, +1arcs1n (x +1)(1 yl) 2x "
1-y,2 ) 2 k2 -1 (1-y2)x,2 -1

...(3.14)
where: |...| means absolute value



A4 MAXIMUM ERROR CAUSED BY MUTUAL COUP-
LING AND FEED NETWORK IMPERFECTIONS

To assessthe impact of systematic errors on the accuracy of the DF
system, the magnitude of the towards the feed network travelling
corrupted signals ap, (= byf,) must be known (see Fig. 3-18). For the
calculation of by, it is necessary to determine the vector by,, and evaluate
the mutual coupling coefficients. '

A 4.1. CALCULATION OF by,
The scattering parameters of a 180° hybrid are as follows:

b=H a
or:

bFia hia hiz| his his \(arma
bria|_|hiz h22| h2s —hes| ars
braa his has l hss ha4 || aFa2a
bFaa his —hzs|l h3s4 has \AFaa

By assuming a reflection coefficient of p at the X and A output port of

...(A4.1)

the hybrid, two additional equations can be obtained:

aF1,1 = p bFl,l (A423.)
ap,, =pbp,, ...(A4.2b)

Manipulation of the above equations yields the formulae for by, , and
bp, ,- Since no information about the exact phases of either the hybrid
coefficients or the reflection coefficient p is available, by, ; and bp, , must be

estimated with their absolute values:

206
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IbF < (aF2,1 —ar,, )h23h12p * (an'l T8F, )h13 - hzzP)
< 2
¥ (1-hy1p)(1 - hagp)—(h12p) (A4.3a)
IbF < (an,l TaF,, )hl shigp+ (aF2,1 +aF,, )h23 (1- hup)
< 2
12 (1-hy1p)(1-hogp) - (hi2p) (A4.3b)

where according to the data sheet of an x-band hybrid:
|h13' = Ih23l = |h14| = 'h24| zl/ﬂ, IhXXI< 0.2 and
lhygl = Ihgyl = Ipl <01

The expressions for bg,, and by, , can be derived using eqn. (A4.1) and
eqns. (A4.2a/b):

bF2,1 = h13 P bFl,l + h23 P bFl'2 + h33 aF2'1 + h34 aF2’2 ...(A4.4a)
bFz,z = h13 P bFl,l - h23 P bF1.2 + h34 an'l + h44 an'z ...(A4.4a)

After insertion of eqns. (A4.3a/b) into eqns. (A4.4a/b) and with the
numbers from above, it is possible to approximate the expressions for br,,

and by, , as a function of af,, and a, ,:

|bF“ | s|o.3 ap, +0.1ap,,

...(Ad4.5a)

<|0.3 ap,, +0.1 ap,,

e, .(A4.5b)

It should be mentioned that the finite isolation between the two

element ports of the hybrid and contributions from signals reflected at
these ports dominate by,, and b, ,. Hence, low reflection coefficients and
high isolation would decrease the magnitude of by,, and by, ,.
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A 4.2. CALCULATION OF THE MUTUAL COUPLING COEFFICIENTS:

The mutual coupling matrix of this five element arrangement has the
following form (compare with Fig. 3-19 and eqn 3.17:

buir) (muy miz miz mz miz)ami
bmi,2 miz M2z M23 Mz¢ M4 || aM12
bMis |=| miz mes mez m2s ma24 || aM13
bMis | |miz mp4 m2s mzz s || AMis
bmis) \miz me2s m24 m23 moz\aM1s

...(A4.6)

Since the array elements are assumed to be dipoles, the mutual
coupling coefficients are calculated utilising the data for the mutual
impedances of two parallel dipoles given by Kraus [Kra 88]. The
impedances can be converted into scattering coefficients with the
following formula:

S=(z-1) (2+I)* ..(A4.7)

where Z is the impedance coupling matrix, normalised to 50Q, S is the
corresponding scattering matrix and I the identity matrix.

. Scattering parameters for different
Spacing Mutétézlfﬁxcxixggzisance reflection coefficients at the elements
(normalised to 50Q) | myy| =01 | myy| =0.2
25 z12 =-0.254-0.56 | |myo| =0.143 | m1g| =0.169
% 24 =-0.5 | mog| = 0.048 | moy| = 0.056
A 23 =0.076 + j0.36 | mog| =0.017 | mog| =0.021

Table A4-1:

Impedance and scattering parameters for the coupling
between two parallel dipoles

Since the exact reflection coefficients m;; of the elements are

unknown, they had to be approximated by assumed maximum values.

The mutual coupling coefficients are then calculated for the phase values
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of the reflection coefficient that yield maximum coupling. Table A4-1 gives
the mutual impedance coefficients and the corresponding worst case
scattering parameters for the coupling between two parallel dipoles for
different spacings.

A 4.3. CALCULATION OF THE MAXIMUM ERROR:

To describe the influence of mutual coupling and an imperfect feed
network on the performance of the system, the signals travelling towards
the ports of each hybrid and the signal of the reference element must be
calculated. With eqn. A4.6 and knowing that M, is an identity matrix (see
section 3.6.1.), the following equations can be derived:

le,1 =my; ay,, +Myg (aML2 +apm, ;+am,+ aMl,s) +1 ...(A4.82a)

bM1,2 =myg aM,, + Moy aM, , +Mo3 AM, 3 +Moy (aM1,4 + aMl,a) +e¥1®)
...(A4.8b)

le,a =, g ay,, + Mog aM, , +Mog AM, 5 +Moy (aM1,4 + aMl,E) + e¥2®)
...(A4.8¢)

where the last term in every equation represents the signal incident at
each element. The equations for the second hybrid are similar to eqgn.
(A4.8b) and eqn. (A4.8c).

Because of the symmetry of the arrangement, it can be assumed that
the signals travelling towards the elements of the two pairs have the same
absolute value:

lapg,, | = lap, | = lay,, | = lay, | ..(A4.9)

Accepting that the signal of the reference element encounters a
reflection coefficient of p and using eqns. (A4.5) with ap;, = bp,, it is

possible to obtain two additional equations:

lay,, | = Ipbyy, | .(A4.10a)
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lapm,, | = lapm, ;1 =lam, | =lam, 51 =04 Ibyg , 1 =04 Ibyy , |
...(A4.10b)

Insertion of eqns. (A4.10a/b) into eqns. (A4.8a-c) leads to expressions
of the following form:

Ile,ll <111+ IInll P le,ll + 14 my, 0.4 bM1,2I ...(A4.11a)

Ibp, ,! < 1e¥1®) 1 + 1(mgy +my3) 0.4 by, , | +
|m24 0.8 le,l + m12 P le,l | .(A4.11b)

IA

le“’z(e)l + l(m22 +m23) 0.4 le,SI +
|m24 0.8 le,l + m12 p le,l I , ...(A4.11C)

| b, , !

With Ipl= 0.1 and the numbers from above, these equations can be
solved for by, , and the worst case magnitudes of the signals travelling
towards the feed network can be calculated. The knowledge of the
magnitude of by, allows us now to explain the influence of mutual
coupling and the imperfections of the feed network on the DF accuracy in
more detail.

The examination of the two signals travelling towards the element
port of a hybrid shows that part of the error signal comes from the
interaction between the elements of a pair and the other elements of the
array. Due to the symmetry of the array, this portion has identical
influence on both elements of a pair and does not affect the DF accuracy, it
only offsets the phase of the X and A processed pair signal relative to the
reference phase. This part is given by:

lbl\/[l'2 | (a) = | e"’l(e)l + |m24 0.8 le,l + m12 P le,l | ...(A4.1 23)
lel,S I (@) = |e‘l’2(9)| + | m24 0.8 le,l + m12 P le,l | ...(A4.1 2b)

The other part, which accounts for the coupling between the elements
of a pair and the reflection coefficient of the elements can act as opposite
phase shift between the signals of a pair as well as in phase component for
both elements, dependent on the phases of lay, , | and lay, , |. Since the
phase of most of the error parameters is not known, it is impossible to
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predict the portions of these two components. For a worst case scenario, it
is assumed that the error vectors are in quadrature to the signal and
opposite for the input signals of the hybrid. Hence, the maximum portion
which can cause opposite phase deviation is given as follows:

b, 5| g = | (Mgg +my3) 0.4 by, | ..(A4.13a)
|le,3 I (b) = I (m22 +m23) 0.4 le,Sl -.-(A4.13b)

Each of the signals in eqns. (A4.12a/b) and eqns. (A4.13a/b) consists of
the original signal vector with unity length and an error vector on top of it.
To calculate the maximum phase deviation of each signal, it is assumed
that the error vector is in quadrature with the signal vector. If the
maximum amplitude difference between two signals is of interest, it is
assumed that the error vector is in phase with one and in anti-phase with
the other signal. Table 3-6 in Chapter 3 summarises the effects of an
imperfect feed network and mutual coupling on the DF system for
different reflection coefficients of the dipole elements.



A5 NOISE POWER AT THE PHASE DETECTOR
OUTPUT AFTER INTEGRATION

The expression for the noise power at the phase detector output after
integration over a fixed period T is given by (see eqn. (4.30) in chapter 4):

=T

2 =,—?‘- J. (1—%) Ry(t) dt
=0 ...(A5.1)

c

where Ry(t) is the autocorrelation function of the noise at the correlator
output, which is (see eqn.(4.20) in chapter 4):

. . 2
RN(T)=§1_13W_BIFL)(YI_y2)Bm+ sin(nByt) ) 0 5
Byt Byt .(A5.2)

Inserting eqn. (A5.2) into eqn. (A5.1) and with the substitution
x = BT, the following expression can be obtained:

TrBy

N o 2 .2
o2 = J (cl smx(x) - ¢, sin(x) +c, el 2(x) -c, = (x)) dx
0 * . .(A5.3)
with:
N1 7Ys. Y17 Ys. —-J2. —_ Y2
“ T 0 T BT P B, T
Applying the relation sinz(x)=-;:(1—cos(2x)), eqn. (A5.3) can be
modified to:
T s 1 2 1 2
o2 = I (c1 su;(x)_cz sin(x)+c, —(;os£ x)—c4 —c;s( x)) dx
X
0 8 ..(A5.4)
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The above integral can be solved using

J' cos(ax) dx = — cos(ax) _aJ' sin(ax) dx
X X X ([Bey 78], integral No. 405)

and the series representations of two of the integrals:

J‘sin)(lax) dx = 2(_1),, (ax

(2n+1) (2n+1)!

)2n+l

([Bey 78], integral No. 397)
J‘cos(ax)dx x)+2( )
([Bey 78], integral No. 398)

Integrating eqn. (A5.4) and after few manipulations, o> has the
following form:

e [Soratrn

por: (2n+1) (2n+1)!

TnBr

¢, cos(x)—c; ——= sin’ x) s 2( -1)* 2x)" ]

(2n)

...(Ab.5)

After insertion of the bounds of the integral and with:

in? I'Hospital i
Jim Si2 (x) VHoer lim 2sin(x)cos(x) _ 0
x—0 X x—0 1

the noise power at the output of the phase detector after integration over a
fixed period of time T is equal to:

2n+1 2n+l 2n
2[ u(c, +2¢,) +2 n{cl(u +¢,(2u) N c,(2u) }_

2n+1) (2n+1)!  4n (2n)!

n=1

u

cz(cos(u)—l)_CS(M)]

...(A5.6)
where u=n B,T.



A6 INTEGRATED OUTPUT OF AN ANALOGUE CROSS-
CORRELATOR FED WITH GAUSSIAN NOISE

The first five sections of this appendix are based on an unpublished
note by Milne [Mil 91]. The main derivations and results are reproduced
here with some additional comments and references. In the remaining
appendix, it is shownthat Milne's results can be related to expressions
obtained by Andrews and Brice [And 83].

A cross correlator is fed with zero mean narrow band Gaussian noise
and its output signal is sampled after zonal low-pass filtering. Firstly, the
probability density function (pdf) of a single sample is derived, before the
pdf for the summation of n independent samples will be obtained. A
formula for the probability to exceed a certain threshold will also be
presented. The examined arrangement is shown in Fig. A6-1.

nlﬂ>

X = SG- -

nz-(t—)’ z(t)

Figure A6-1: Examined cross-correlator

A6.1 PROBABILITY DENSITY FUNCTION FOR A SINGLE SAMPLE
The narrow band noise in the two input channels of the correlator is
represented using the quadrature representation of narrow band noise

where [Wha 70]:

n,(t) = x,(t)cos(wt) -y, sin(wt) ..(AB.12)
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n,(t) = x,(t)cos(wt) -y, sin(wt) .(A6.1b)

The signals x4(t) and yyx(t) are quadrature components of the noise,
which themselves have Gaussian distribution, since n,(t) is Gaussian.
The noise powers of the two inputs are:

E[n,’(t)] = E[x,*(t)] = E[y," (t)] = o} ..(A6.2a)
E[n,*(t)] = E[x,’ (t)] = E[5,"(t)] = o} .(A6.2b)

For the rest of the analysis, the time dependence of the variables x, y,
z and n will be dropped for simplification. There is no correlation between
x1 and y; or between x2 and yg, and the modulus of the overall correlation
coefficient p between the inputs is defined by:

PP =Py + Ay ..(A6.3)

Whereby the in-phase correlation coefficient is

E[x,x,]+E[y,y,] _ E[x%,] _ E[y,y,]
20,0, G0, G610 ...(A6.4a)

Po =

and the quadrature correlation coefficient is given by:

Ao = E[x,y,]-E[y,%,] _ _E[5,%,] _E[xy,]

20,0, 6,0, 0,0, ...(AB.4b)

After zonal low-pass filtering to remove double frequency
components, the probability density function for a single sample of the
output z of the analogue correlator is given by Brice's and Andrews's eqn.
(16) (for a multiplier constant x = 1) [Bri 82]:

p,(z) = 1 — eXp ~2z = forz>0
0'102\/1_7% 0,0, ('Vl—xo +po) (A6.52)
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or

1 2z

P(2) = 0,0, \l]-_'7"o2 P 0'10'2( Vl—)‘oz —PO)

...(A6.5b)

The subsequent mathematics is simplified by introducing a change of

variables. Writing

2
o=
0,0, (\/1 -y + Py )
and
Be 2

0-10'2( 1_)"02 _po)

the pdf for one sample can be rewritten as:

p.(z)= BB+O; exp[-az] for z>0

or

pl(z) = BB'::I

exp[Bz] for z<O

...(A6.6a)

...(A6.6b)

...(A6.7a)

...(A6.7b)

A6.2 PDF FOR THE ADDITION OF TWO INDEPENDENT SAMPLES

The PDF for the summation of two independent samples is obtained

by convolving p;(z) with itself. Thus

P2 (z) = —Tpl (x)p.(z- x)dx

...(A6.8)
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For positive values of the output z, this becomes

P.(2) =(E3—B_'_O-Ll)§-exp —ocz)[fexp[ B+a x]dx+jdx+ Jexp B+a)(z-x ]dx}

X=z

(g}:‘) 7 exp(-az) [2+(B+a)z] for z>0
o
...(A6.9a)
Similar calculations for negative z give:
(Ba)
p.(z) =—~—"=exp(Bz) [2-(B+a)z] for z<O
7 (Bra) [ ] ..(A6.9b)

A6.3 PDF FOR THE ADDITION OF n INDEPENDENT SAMPLES

Further convolutions involve complete Gamma function type
integrals such as:

[ o=t exp(-av)av = r i‘:) - (ma;l)! ([Bro 831, §1.1.3.4. No. 1)
0o
and
° (1) (m-1)!
f =l exp(av)dv = = -

After continuing the convolution process for the first few values of n,
it is possible to deduce a general expression for the PDF for the
summation of n independent samples of the form:

Ba) exp(-az) for z>0

pn(z)- ( )2n—l n(I I) f

(B+o) exp(Pz) for z<0 ..(A6.10)
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where f,(z) is a polynomial of degree n-1, i.e.:

n-1

f,(z)=a,+a,[(B+a)z]+a,[(B+a)z] + ..a, [(B+a)z]

Further inspection suggests that the coefficient corresponding to
[([3+oc)z]k is:

(2n-2-k)!
Kl (n—k-1)! (n-1)!

a, =

In particular

(2n-2)! _a, 1
i R R ey

(n-1)! (n-1)!

It is now possible to write f, (|z|) in the following form:

(2n-2-k)! B"'alzl]k
fo(l2l) = Z Kl (n-1- k)v (n-1)! .(A6.11)

Milne verified by induction the formula for the addition of n

independent samples (eqn. (A6.10)).

A6.5 PROBABILITY OF EXCEEDING A THRESHOLD

The probability of the output exceeding a positive threshold T is:

P(z>T) =jpn(z)dz ..(A6.12)
T

which becomes with eqn. (A6.10) and eqn. (A6.11):

(B T S (en-2-k)! [(B+o)e]"
P(DT)_W!exp( aZ)g K @0l @0 .(A6.13)
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The integral can be evaluated as a series of incomplete Gamma
functions

The above transformations have been made using relations 6.1.6,
6.5.3, 26.4.19 and 26.4.21 in Abramowitz and Stegun [Abr 70]. The result
has the following form:

Plz>T)= (EFE)E(E?I) e (oD et T)

k=0

...(A6.14a)
Alternatively, writing p = (n-1-k), the result becomes:
n n-1 P
-1+p)!
pe>n-(5E] Y5 & Q(n-p,oT)
Pra ; B+a) (p)t (m-1)t ..(A6.14b)

A6.6 PROOF THAT MILNE'S AND ANDREWS'S EXPRESSIONS FOR
THE PDF AND CDF ARE IDENTICAL

Andrews and Brice derive in their paper expressions for the pdf and
cdf (cumulative distribution function) at the output of an analogue cross-
correlator after the summation of n independent samples [And 83]. For
the case of no input signals, their results can be related to Milne's. The
difference between the two derivations is that Andrews and Brice
calculate the pdf and cdf using the characteristic function, whereas Milne
repeatedly convolves the pdf for a single sample with itself. The proof that
both results are identical is just given for z > 0, it can be similarly shown
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for z < 0. Andrews's eqn. (43a) for z > 0 with his "starred" parameters

inserted and a correction factor of 1/0,0, \}1 -X,° has the following form:

-2z

— 1 (S)
O Pt

g (R+m-1)! [1—[31{&_2}2] -
; m!(n-m-1)!4" (Glozm)n-m

...(A6.15)

With the index manipulation k = n-m-1 and exploiting that p2=
Ag2+po? the previous equation becomes:

1 -2z
P.(z) = exp
(n-1)! 0102(\/1—x02 +p°)
n-1 n-k-1 K

(2n-k-2)! (1-p?) z

2n-k-1
bmd (1 —k —1)1k!4™* (0102)“1(\/1-7»02)

...(A6.16)

Milne's corresponding result for z >0 is eqn. (A6.11) inserted in eqn.
(A6.10) which leads to the following expression:

n-1

z) = (ﬁ a)“ x -2z (2n-2-k)! (B+Ot)kzk
P ( )—(B+a)2“‘1e P 0102(V1—7»02+p0) Z k! (n-1-k)! (n-1)!

...(A6.17)

k=0

o and B are given in eqn.(A6.6). Inspection suggests that eqn. (A6.16)
and eqn. (A6.17) are identical if it can be shown that:

(Ba) (B+a) (1-p?)""

(B + a)2n—1 = (0102 )k+1( ,——1 — 2,02 )2n-k—1 it

...(A6.18)
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Insertion of o and B in the above equation shows that the two
equations are identical. It should be noted, that the correction factor of
1/ 0‘102\/1—?\.02 for Andrews's expression of the pdf must be also used for
z<0.

The cdf can be derived from the pdf by evaluating the integral:

F(z)= ’ p(z)dz=1- f p(z)dz
:[ '!‘ ...(A6.19)

Andrews's expression for the cdf for z > 0 (eqn. 44a [And 83]) with his
“starred" parameters inserted is:

1+p0/1/1—l°2n 1 -2z
F =1-
(01 BB e A Ry

|4

po2 k
(n-1+p)! [1-—2—2 | 2

)
p+k
p=0 k=0 pl kI 2p—l{1_ l‘iOKZ] (olczm)k
0

...(A6.20)

Milne did not exactly derive the cdf, but the complement of it. Using
eqn. (A6.19), it is possible to calculate the corresponding cumulative
distribution function. With the series representation of the incomplete
Gamma function inserted in eqn. (A6.14b), Milne's cdf is equal to:

} -2z
F.(z)= 1—([3—&) exp
B+o 010'2(1/1 Ay +po)
n-1 n-p-1

o Y (n-1+p)! o*z*
B+a) pl (n-1) kI
p=0 k=0 ...(A6.21)
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Again, inspection suggests that eqn. (A6.20) and eqn. (A6.21) are

identical, if:

g 2]

B+a

and:
p
1- po2 >
ap+k ( 1_x02)
P = pt+k
e e
— Mo

...(A6.22a)

...(A6.22b)

Inserting the expressions for a and B in the above equations and after
some algebra, it can be shown that relations (A6.22a) and (A6.22b) hold.

The expressions for both the pdf and cdf of the sum of n sampled
outputs of an analogue cross-correlator obtained by Andrews et al. and

Milne are therefore identical.



A7 MEAN, VARIANCE AND CORRELATION COEFFI-
CIENT OF THE X AND A BASEBAND SIGNALS

A7.1 PRELIMINARY REMARKS

This appendix contains the derivation of the mean and variance of the
output of the £ and A cross-correlator of the symmetric-pair DF system
after integration of n independent samples. The correlation coefficient of
the X and A baseband signal will also be derived, and some analysis that
cross checks the expressions obtained for the mean and variance is given
in the last section of this appendix.

The output signals of the £ and A correlators have been derived in

chapter 5 and are given by eqn. (5.21) and eqn. (5.22). The X output has the
following form:

z,(t) = % [2A% cos() + 24 cos(0)n4 (t) + A, (£) +n4(t))
+(nc1 (t)+n, (t))nca (t)+ (nsl (t)+n, (t))nss(t)] L(AT.1)

and the A output is given by:

[2A2 sin(¢)+2Asin(0)n,, (t)+ A(n,,(t)-n,, (t))
+(nsl(t) — Dy (t))nca (t)+ (nc2 (t)- ncl(t))nss (t)]

Q0| =

; z, (t) =

...(A7.2)

All the Gaussian distributed quadrature noise components are
uncorrelated and hence independent of each other [Cla 85]. To simplify the
calculation of the mean and variance, it is therefore sensible to rearrange
the terms of the correlator outputs in groups of mutually independent
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processes. After the separation of the variables, the £ and A outputs have
the following generalised form:

7, (t) = % a_+bX_+c U +X.U +Y.V,
- ~ v
I f i .(A7.3)

where the index x denotes whether it is the I or the A signal. The
definition of the constants a, b, ¢ and the variates X, Y, U, V is as follows:

a; = 2A% cos(9), a, = 2A%sin(¢),

by = 2A cos(9), b, = 2Asin(¢),

cy =A, c,=A,

X; =ng,(t), X, =ng(t),

Y; =ng,(t), Y, =ng,(t),

Us =n,,(t)+n,(t), U, =n,(t)-n,(t),
Vz =n,(t)+n,(t), V, =ng,(t)-n,(t),

The following points are a summary of useful rules and relations,
which have been applied to calculate the mean, variance and correlation
coefficient of the X and A baseband signals:

(1) The expectation of any of the variates X, Y, U and V is zero, since they
have zero mean.

(2) Since the variates X, Y, U and V have zero mean, the second moment
and the second central moment are identical. (The second central
moment is by definition the variance of a process.)

(3) The following rules for calculations with random variables are used
[Cla 85]:

E[aX +b]=aE[X]+Db (holds always)
E[X+Y+...]=E[X]+E[Y]+... (holds always)
E[X.Y..]=E[X]-E[Y] ... (only for independent variates)

O%ys. = 0% +0%+... (only for independent variates)
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A7.2 MEAN AND VARIANCE OF THE Z AND A CROSS-CORRELATOR
OUTPUT AFTER SUMMATION OF N INDEPENDENT SAMPLES

Applying the above rules, the mean and variance of the three
independent random processes in eqn. (A7.3) can now be calculated as
follows:

Process I;

Since the process of type I is a constant, its mean and variance are:

m, =E[a,]=a, ..(A7.4a)
of = El(a, ~E[a,])'| =0 ..(A7.4b)
Process II:

my = E[bX, +¢,U, +X,U,] =0 ..(A7.52)

o} = E[((b,X, +¢,U, + X,U,)-E[b,X, +¢,U, + X, U, ]']
= B[ (b, (X, ~E[X, )+, (U, ~ B[V, ]) (.U, ~E[X,U,])
=b,” E[X,?]+¢,” E[U]+E[X.?] E[U,]

=b,’c% +c,’0} +0% oh

..(A7.5b)
Pr IIL:
m,, =E[Y,V,]=0 ...(A7.6a)
oty = E[(Y,V, - E[Y,V,])]

= E[¥,'V,? - 2Y,V,E[Y, JE[V, ]+ (E[Y, JE[V, )]

=E[Y,’] E[V/?]

= Gf{x of,x

...(A7.6b)
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Utilising the independence of the three separated processes, the mean
and variance of the cross-correlator output are then:

m, =m; +my +Mmypy, ...(A7.7a)
O'i = O'f +°’¥1 + 0';211 ...(A7.7b)

After the summation of n independent samples, the mean and
variance are equal to:

n
m, = E m, =nm,
e

...(A7.8a)

o2 = z ol =no’
i=1 ...(A7.8b)

Resubstituting the actual values of the constants and variates into
eqns. (A7.8a/b), the mean and variance of the ¥ cross-correlator output
become:

_D e
m,,, = A”cos(9) ..(A7.92)

ol = énzz [A2 (40052 (¢) G:a +G§d +0!21cz)

nzy

2 2 2 2 2 2
+ oncs (o“u + Gnez )+ o"-s (Gﬂu + o"-a )]

...(A7.9b)

Assuming a noise power of 62 at all antenna elements, the variances
of the quadrature components simplify to:

The variance at the cross-correlator output can therefore be modified
to:

2 _ D2 2 2 2)?
oLy, = 16[A o (cos (¢)+0.5)+(c?) ] ...(A7.9¢)
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For the A cross-correlator, the results are:

nz,

n
= ——A2 1
m,,, =7 A sin(¢) ..(A7.10a)

oL, = o5 [A%(4sin’(6) o3, +03, +02,)

nz,

+ 0',2,‘, (0121,1 + 0"2‘.2 )+ 0?1.;, (Giﬂ + oicz )] (A7.10Db)

With equal noise power at the antenna elements, eqn. (A7.10b)
reduces to:

Nz,

-0 ; 2)?
o = 16[A2 gz(sln2(¢)+0.5)+(c ) ] (A7.100)

A7.3 CORRELATION COEFFICIENT BETWEEN THE Z AND A SIGNAL

The correlation coefficient between the X and A signal of the
symmetric-pair DF system is defined as follows:

o - E((Z; - E[Z;]) (Z, - E[Z,])] _ O,
N Vo1, o, Joz, oz, (A7.11)

This coefficient can be calculated with the results obtained in the
previous section by letting n = 1. It should be noted that the above
correlation coefficient ought not be confused with the sample correlation
coefficient, which is defined slightly differently and used to establish the
correlation between two unknown processes by obtaining their sample
mean, variance and covariance. The sample correlation coefficient is
obviously a function of the number of samples and converges in the limit
for a large number of samples to the correlation coefficient defined in eqn.
(A7.11). In the case investigated here, both processes are well known and
the definition of eqn. (A7.11) can be applied.

With eqn. (A7.3) and eqn. (A7.4a), the covariance o;, of the two
processes becomes:
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22, E[(Z): "E[Z}J]) (ZA -E[ZA])]

= E[é(az +b:X; +c;Up +X;Up + Y,V —a;)

-;—(aA +b,X,+¢,U,+X, U, +Y,V, -a, )]

Applying the rules given in section A7.1, the expression for the
covariance reduces to:

_ bsb,

ZsZ, — 64

b.b b.b
E[X,X,]= 252 E|(na(t))’] = e,

After replacement of the constants by their actual values and for
equal noise power at the antenna elements, the numerator of eqn. (A7.11)
is given by:

2A cos(0) 2Asin(¢) o =
Onit = 64 i g3z (A7.12)

The denominator of the correlation coefficient can be calculated with
the help of eqn. (A7.9¢) and eqn. (A7.10c), lettingn =1:

2 2
w/cz, Oz, =

[A2 (cos?(9)+0.5)+

[A2 (sin (¢)+0.5)+(02)2]
...(A7.13)

)] %

Inserting eqn. (A7.12) and eqn. (A7.13) into eqn. (A7.11), the
correlation coefficient p;, has the following form:

0.5 A’sin(¢)
\[A? (cos?(9)+0.5)+ 0| [A? (sin*(¢)+0.5)+0?]

P =
...(A7.14)
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A7.4 CROSS CHECK OF THE EXPRESSIONS OBTAINED FOR THE
MEAN AND VARIANCE OF THE CORRELATOR OUTPUT

To test the correctness of the formulae for the mean and variance, the
signal-to-noise ratio at the cross-correlator output is calculated using two
different approaches. The first method derives the signal-to-noise ratio
from the statistics of the signals, which means it uses the expressions for
the mean and variance. The second approach is to utilise the formula for
the signal-to-noise ratio of the output of a phase detector (see chapter 4),
which has been derived in the time domain. The proof will just be
undertaken for the X signal, the calculations for the A signal follow the
same arguments.

(1) The statistical approach:

The total power at the cross-correlator output is given by its second
moment:

E[(Z.)" ]| = E[2.] +03, . (A7.15)

As shown before, the noise at the correlator output has zero mean and
the mean of the output is its signal x signal component. The noise
power of the output signal is therefore its variance, and the signal
power its mean squared. Hence, using eqn. (A7.9a) and eqn. (A7.9¢)
and letting n = 1, the signal-to-noise ratio at the cross correlator
output is defined as:

s _ E[Zz]2 _ '(A2/4 cos((i)))2

2

Now 0% (A2 6?(cos?(¢) +0.5)+(c?)’ )/16

...(A7.16)

With the signal-to-noise ratio of the antenna elements defined as

S _ A?%/2

Naw 0° | .(AT.17)
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(2)

eqn. (A7.16) for the signal-to-noise ratio at the correlator output can be
modified to:

s 4(—1%,““) cos®(0)

Nout_§ 1 2 2 1
N (L 2005"(0))+ (A7.18)

The time domain approach:

The signal-to-noise ratio derived in the time domain of the output of a
phase detector (cross-correlator) for uncorrelated input noise is given
by eqn. (4.11) in chapter 4:

S
§. = 2ﬁin1 ﬁin2 CSOSZ (¢1 _¢2)
Nuut S
—= +—= +1
Nini Ninz ...(A7.19)

where S/N; and S/Nj are the signal-to-noise ratios at the inputs of the
cross-correlator and ¢; and ¢9 the respective relative phases. In the
case of a 4 channel symmetric-pair DF system, as introduced in
chapter 4.4, the signal-to-noise ratio of the X input to the correlator is:

s s _(PawsO)/z s, o
N): Ninl 02 Nant ...(A720)

The signal-to-noise ratio at the reference element input is:

S _ S S

Nr B _ﬁinz B ﬁant ...(A7.21)

Since the signals of the symmetric-pair and the reference element are
ideally always just in phase or anti phase, ¢; - ¢ is only 0 or * and
cos2(¢q - ¢o) consequently always one.
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After insertion of eqn. (A7.20) and eqn. (A7.21) into eqn. (A7.19), the
following expression for the signal-to-noise ratio at the cross-
correlator output can be obtained:

s V .,
s 4 (ﬁm) cos’(¢)
o S
N N (1+2cos®(9))+1

...(A7.22)

Comparison of eqn. (A7.18) and eqn. (A7.22) shows that the two
expressions for the signal-to-noise ratios are identical. The formulae for
the mean and variance of the cross-correlator output are therefore correct.



AS8 DEGRADATION OF THE NOISE PERFORMANCE OF
A SIGNAL SQUARER

The analysis presented in this appendix is based on similar work
done by Brennan [Bre 90]. Fig. A8-1 shows the input and output signals of
the squarer.

- () -
Input; Squarer Qutput:
Carrier f, (Frequency doubler) Carrier 2f,
+ band limited noise + band limited noise

Figure A8-1: Signals of the squarer

The input to the squarer consists of a carrier signal at f, with
amplitude A, and band limited noise around the carrier frequency with
bandwidth B, and a double sided noise power spectral density n/2. The
input signal s, (t) can be written as:

S (t) = A, cos(w,t) ++/2nB, cos(o.t+0,(t)) (A8.1)

The input signal-to-noise ratio is therefore:

_S_ = (Ac/ﬁ)z = Ac2
Nuw (y2nB,/42) 2nB, .(A8.2)

The squared output signal can then be written as:

Sout (t) = (A, cos(coct))2 +2A,4/2nB, cos(w.t + ¢, (t))cos(wt)+
2an(cos(u)ct+¢n(t)))2 .(A8.3)
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Ignoring the 'lower sideband' DC terms, eqn. (A8.3) becomes:

Sows (t) = ‘;‘ cos(20,.t)+ A.+/21nB, [cos(zmct +¢,(t))+cos(0, (t))] +

nB, cos(20.t+20,(t)) (ag 4)

The output signal power is now equal to:

8 ...(A8.5)
and the output noise power is given as:
Nout = ‘Qc2 an +(an )2 _(A8_6)

The first term in eqn. (A8.6) is the contribution from the two signal x
noise cross products in the output signal of the squarer and the second
term is the noise x noise component.

With the help of eqn. (A8.2) it is possible to write the signal-to-noise
ratio at the output of the squarer in terms of the input signal-to-noise
ratio:

s Al _ Al _ (/N )

New A’nmB,+(nB,) _A;. __AF 48N, +2
28/N;, ~ 4(S/N,,)’

...(A8.7)

It can be seen from eqn. (A8.7) that there is a 6 dB degradation in
signal-to-noise ratio for reasonably strong input signals:
S S/N

~ in

=

Now 4 ...(A8.8)

The extra 3 dB loss in signal-to-noise ratio, compared to a mixer with
equal signal-to-noise ratio at its inputs, is due to the fact that the noise
sources of the squarer are correlated which entails the total loss of 6 dB.
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As a corollary, it is interesting to see for which signal-to-noise ratio at
the input of the squarer the two noise terms in eqn. (A8.6) are equal. With
eqn. (A8.2), eqn. (A8.6) can be modified to:

=22 (nB.)*+(nB, )’
out Nin(n ﬂ) (n n) ..(A89)

Inspection of eqn. (A8.9) shows that the two noise terms are equal for
an input signal-to-noise ratio of 0.5 or -3 dB respectively.



