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Abstract: - In the radio direction finding system, direction finding methods of Phase Interferometer have been
widely applied, but because of its direction finding ambiguity, there is a contradiction between direction finding
range and direction finding accuracy. In order to relieve the contradiction, multi-baseline phase interferometer
is generally used to measure angles. However, this method is mainly aimed at one-dimensional angle
measurement, so its system utilization is low. Therefore, a phase interferometer based on multiple antennas is
proposed in this paper to measure the angle of pitch and azimuth in two dimensions, and the dual-baseline
ambiguity resolution method is used to improve the accuracy of pitching angle measurement. Finally, the
simulation results indicated that the theoretical analysis was correct.
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1 Introduction
Radio direction-finding technology has a very
significant position in many fields, such as radar
navigation, sonar, mobile  communication,
geophysical prospecting and other direction-finding
technologies[1-8].  Especially  in  electronic
countermeasures, timely and accurate object
positioning has always been a subject that people
are actively studying[9-13]. Generally, the direction
finding system can be divided into three categories:
amplitude system, phase system and magnitude-
phase combined system[14-16], of which the phase
system is widely used at present, such as
interferometer, Doppler and Watson-Watt[17-19].
As a direction finding method with high
measurement accuracy, phase interferometer has the
advantages of short data processing time and mature
technology, so it is extensively used in the direction
finding and location of radiation sources[20-24].
The discriminator can only measure the phase
value within 27 range because it usually takes 2 as
the module. If the relative phase exceeds 2m among
the antennas, the discriminator will produce multi-
value ambiguity[25-27]. Due to the contradiction
between the direction finding accuracy and range,
the combination method of long and short baseline
is adopted to solve the contradiction in the phase
interferometer[28-32]. But the method requires that
the short baseline length should be less than half
wavelength in the traditional algorithm of long and
short baseline combining. For high frequency signal,
the antenna array element must be very small. So,
this method will reduce the antennas gain and cause
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antennas mutual coupling. And the existing phase
interferometer can only measure the single direction
angle (such as the azimuth or the pitching angle).

To solve this problem, a two-dimension
direction finding system of phase interferometer
based on multiple antenna is proposed in this paper.
First, a dual-baseline ambiguity resolution algorithm
is proposed to realize pitch angle measurement
without limiting the minimum baseline length to
less than a half wavelength, which is more practical;
Second, the phase interferometer tracking angle
measurement method is used to measure the
azimuth angle simultaneously. The structure of
paper is as follows: In section Il, we introduce the
angle measurement principle of 1-D phase
interferometer. In section 1ll, we propose the
direction finding system model of 2D phase
interferometer. In section 1V, we present the
realization scheme of 2D direction finding system
based on multi-antenna. In section V, we discuss the
principle of the algorithm in detail, and analysis the
measurement accuracy of the ambiguity resolution
algorithm and the influence of the angle
measurement error under the noise circumstance. In
section VI, we simulate the correctness of the
theoretical analysis. Conclusions are drawn in
section VII.

2 Angle Measurement Principle of 1-D

Phase Interferometer

The angle measurement essence  of
interferometer is to determine the direction of the
radiation source, which utilizes the phase difference
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formed on the receiving antenna[33, 34]. It is shown
as figure 1.
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Figure 1. Schematic of interferometer angle
measurement

Assuming that the baseline length between the
receiving antennas A and B of the ground angle
measuring system is d, the oblique distance of the
far field angle measuring target from the ground is
R, and the AM angle of the target deviating from the
normal direction of the baseline is K, when the
target is far from the ground and has Rl d, the
electromagnetic waves reaching antennas A and B
can be considered as plane waves, then the phase
difference of far-field target carrier signal received
by antennas A and B can be expressed as:

A¢=@005a =@sin9
A A

1)
Where, 4 is the wavelength.
However, if d >0.51, the phase difference Ag

may exceed the interval of (-nx] . Then the

ambiguity of phase difference measurement is
produced (the phase difference measuring
equipment usually takes 27 as the module, which is
the measuring interval of (-mx]). However, the

longer the baseline, the higher the accuracy of
direction finding. The proof is as follows:

The influence of the angle measurement
component error is analyzed by the total differential
of the angle measurement component of equation

(2).
/1 2
si=|—2 | &2
¢ [2ndcos€j A
)

Where , 5, is the measurement standard

deviation of the direction angle 6 ; 5,, is the

standard deviation of the phase difference Ag¢
measured by the receiver, which is usually caused
by the data processing (such as quantization) noise,
the uncoordinated phase between two channels and
the thermal noise. Data processing noise is usually
the main source in the whole measuring deviation.
So, it is necessary to design a suitable processing
circuit according to the system requirements; the

(2
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uncoordinated phase between two channels can be
reduced by using appropriate correction (such as the
two channels produce a fixed frequency difference).
The phase standard deviation of single channel
generated by thermal noise is related to the IF

signal-to-noise ratio SNR , Which is shown as
follows:
2 -1
5y = (2SNR) (3)
The phase standard deviation of two channels

caused by thermal noise is 2 times of &7, .

Assuming that the two-channel equipment is
reasonably designed and that the phase standard
deviation caused by the data processing noise and
the channel incompatibility is small enough, the
influence of thermal noise is primarily considered.

3 Direction Finding System of 2D

Phase Interferometer
3.1. System structure

According to the angle measurement principle
of 1-D phase interferometer, the principle is mainly
aimed at the angle measurement of single direction.
If the baseline AB is horizontal direction, the
azimuth angle can be measured. so is the pitch angle
measurement. The following architecture is 2D
direction finding system based on multi-antenna,
which can measure the azimuth and elevation angle
simultaneously. The 2D angle measurement
structure based on multi-antenna layout is shown as
figure 2. In the structure, four antennas (coded as A,
B, C, D) are set on the same vertical plane. Antenna
A and B are fixed on the same horizontal antenna
pedestal. The midpoint of connecting line (coded as
baseline AB) of the antenna A and B is used as the
driving axis of azimuth angle measured by the
interferometer. Through the servo system, the
horizontal axis baseline AB can be controlled to
rotate 360 ° around the midpoint. Then the azimuth
angle of the target can be tracked and measured. The
baseline of antenna C and A is perpendicular to the
baseline AB, the baseline of antenna D and B is
parallel to the baseline AC and perpendicular to the
baseline AB. The length of the baseline AC is
longer than that of the baseline BD.
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Figure 2. Sketch map of 2D angle measurement structure
According to the layout of angle measuring
antennas, antenna A and B are used to measure the
azimuth angle; antennas A, C and antennas B, D are
used to measure the pitch angle.
3.2. Phase interferometer tracking azimuth angle
measurement
The principle of phase interferometer tracking
azimuth angle measurement is as follows: If the
direction of normal AM deviates from the
target(that is @=0 °), then the carrier phase
difference will be A¢g=0. The positive and negative

values of the measured phase difference A¢ to

control the servo system, which drives the antenna
to track the angle measurement target automatically.
Then the angle @ is kept near 0°. So, the value Ag

will also be kept near by 0°. Right now, there will
be no problem of carrier phase ambiguity. If the
initial position of antenna axis AB is calibrated to 0°
proactively, the target azimuth angle can be
calculated. When the antenna tracks phase
automatically, the target azimuth information can be
obtained by the azimuth rotation angle of the
antenna axis AB.
3.3. Phase interferometer tracking azimuth angle
measurement

Antenna B and D are used as auxiliary antennas
to measure the pitch angle. Although the
measurement method of pitch angle belong to the
phase system, the method is fixed angle
measurement  rather  than  tracking  angle
measurement. But there is phase ambiguity problem
in the fixed angle measurement method possibly.
Therefore, a dual-baseline is constructed by
antennas A, C and B, D to solve the problem of
angle ambiguity.

Assuming that the relationship between the
baseline AC and BD is as follows:

(4)
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Where, k and | are the coprime integers. The
phase differences between the antenna pair AC and
BD are as follows:

A¢ =(2nd,/2)sino
A¢, =(2nd,/2)sin 6
(5)

Due to the possible phase ambiguity, the actual

measured phase differences are A¢l, Ad, (where,
Ad,Ap, c(-nm] ). The phase differences can be
expressed as

Ad = 2mu+Ad +Ag,
Ag, = 2nm+Ag, + Ag,
(6)

Where, A&l and A@Z are the phase difference

measurement errors of two antenna pairs. m and n
are the fuzzy numbers of the phase difference,

which are integers. m e[—lNT(%}—l INT(%)+1}

, ne {—INT(%)—l INT(dﬂ—ZjH} (where, INT(e)is
the rounding operation).
According to the equation (4)-(6):
k (2n7t+A¢;2 +Ad, ) =1 (2m7t+A¢3l + qul)
U

(kn—1m)+(kAd, —1Ad ) /2n = (1A¢, kA, ) 2n

()
Where, Assuming that

F(m,n):(kn—lm)+(kAgZ2 —IA@)/ZT:
G(m,n)= F(m,n)—(lA&l—kAq;z)/Zn:O
(8)

If the fuzzy number pair m;, n, is chosen as

the real fuzzy number pair, the difference of F value
between the fuzzy number pair and the real fuzzy
number pair is as follows:

AF =F,(m,n)—F(mn)=k(n —n)+l(m-m,)

(D

If AF=0 , then G(m,n)=0 . Now the
|G(m,n)| corresponding to the real fuzzy number
pair increases [AF|. If AF=0, |G(m,n ) reach
Minimum |G(m,n)=0 . Because G(m,n) and
F(m,n)are only differ from the error combination
term of (IA;Zl—kAqZZ )/27: and the magnitude of the

term is independent of the fuzzy number pair. So, a
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suitable fuzzy number pair M and ™ can make
|G(m,,n,)| reach the minimum zero. Then |F (m,,n,)

reaches the minimum. In series, when AF =0,
|F (m,.n,)| reaches the minimum |F (m,n)| .

Because k and | are coprime integers, if
n =nand m =m, then AF=0. That is the real
fuzzy number pair m and n is chosen as the fuzzy
number pair m; and n,, |F(m,n, ) will reaches the

minimum |F(m,n)|. So, the fuzzy number pair m,
and n, corresponding to the minimum |F (m,,n, )| is
the real value of fuzzy number pair. Simultaneously,
the fuzzy number pair m, and n, should meet the
value range.

4 Implementation scheme

The findings and their implications should be
discussed in the broadest context possible. Future
research directions may also be highlighted. The
implementation process of multi-antenna direction
finding is shown in figure 3, and the specific
implementation steps are as follows:

(1) The downlink signals received by the four
antennas are processed by RF and mixed. Then the
IF signals of each channel are obtained:;

(2) Through the frequency shifter, two LO
signals S, and S, with fixed frequency difference

are obtained. Channel signals S, are sent to

antennas A and D for mixing with two IF signals,
and channel signals S, are sent to antennas B and C

for mixing with two IF signals. Then, fixed
frequency difference is maintained between
antennas A and B, antennas A and C, and antennas
B and D;

(3) In order to reduce the additional phase
difference caused by different channels, the design
of four channels should be consistent. Every two
signals (A and B, A and C, B and D) are added and
transmitted in the same channel to keep the phase
difference of two signals unchanged:;

(4) Then, the phase difference information of
channels A, B is obtained by detector and phase
discrimination. The information is converted into
DC error voltage. The voltage is sent to the servo
system, which drives the execution unit to rotate
towards the direction of reducing the error. So, the
normal always points to the target. The self-tracking
azimuth measurement is realized;

(5) The phase difference information of AC and
BD channel is obtained by phase discrimination.
According to the dual baseline defuzzification

ISSN: 2367-8887

51

International Journal of Communications
http://www.iaras.org/iaras/journals/ijoc

algorithm, the fuzzy number pairs are determined to
get the real pitch angle information.

M /N
| ‘,’ Antenna D

|
£ o
|

V \\\\3/ |
;o
Antenna C

d,

A 4
i)

\//

y

i/

Y |

| 1""
—_—_————— —
i AnteEna ALAD.X&B_)I\%\
5 9

IF ||F-———— ITIE
v [ IF ] : Frequency : |IF | v
I shift
D921 S D
Sl Sz
v
Phase

discrimination

1

Fuzzy
| difference | number

Servo system Pitch angle

Figure 3. Realization flow of 2D angle
measurement system

5 Accuracy analysis

For the defuzzification algorithm based on dual
baseline, in order to solve defuzzification operation
accurately, the requirement is:
—05<d,A¢4 —d,Ag, /27 <05 . According to the
implementation scheme of angle measurement, the
two channel pitch angles are sent to the same
interferometer for measurement and calculation.
Assuming that © is the measurement error of the
phase interferometer, then the mean square
deviation of d,A¢ —d,Ag, is o\d?+d? . And the
measurement error should fall into the interval
[-40\/d12+d22 40\/d12+d22J with a probability of

99.9%. Therefore, in order to solve the fuzzy
operation correctly, the following requirement is

required:
4oufd12 +d? <05x27 =71
(100
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However, for the traditional phase
defuzzification algorithm of long and short baseline
combining, it is usually required to |pAc, —Ac;|< 7

(where, # is the length ratio of long baseline to
short baseline, Ao, and Ao, are the phase

measurement errors of short and long baseline
respectively). Similarly, the combined measurement

errors P29 ~A% should fall into the interval
[—4&\/,024-1 4&\/,024-1} (6 is the mean square

error of long and short baselines used by the same
channel) with a probability of 99.9%. In order to
solve the phase defuzzification of long baseline
phase interferometer accurately, the following
requirement is required:

46'«}/32 +1l<rm

(11
Assuming that p=d,/d, , comparing the
equation (10) and (11), if d, <1 ,then
\/d12+d22 <Jp*+1 , that is o>6 So the

measurement accuracy requirement of the multi-
baseline angle measurement  defuzzification
algorithm is lower than that of the traditional
defuzzification algorithm combining long baseline
and short baseline; if d, >1, the measurement

accuracy requirement of the latter is lower.
However, we usually set d, <1 in the traditional

defuzzification algorithm. So the algorithm of multi-
baseline angle measurement is easy to implement
and popularize in engineering.

Now, we analysis the influence between the
deviation of the pitch angle ¢ and the phase
measurement error in the equation (5). Defining
S, =sing, and S, =sing,, then setting AS=S,-S5,.
The influence between pitch angle ¢ deviation and
phase measurement error can be analyzed through
the total differential of AS.

) Ad® A2

2
5AS:[,1_,1J.1: 2
2nd, 2md, ) SNR  4z7°SNRd (d, +Ad)
(12>
Where, Ad=d, —d, is the baseline difference.

6 Simulation analysis

Assuming that the frequency is 4.8Ghz, under
the condition of SNR=-10dB , the influence of
angle measurement accuracy causing by baseline
length (in multiples of wavelength) and direction
angle (the range is (—/2 m/2)) is shown as figure
4. In the figure, the influence of the direction
finding standard deviation of the direction angle
changes symmetrically which takes =0 as axis.
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And the direction finding standard deviation is the
minimum at the position of =0°. With the increase
of the absolute value of @, the standard deviation of
direction finding is also increasing. It also verifies
that the angle measurement of phase interferometer
has high angle measurement accuracy (@ value is
always in the range of 0°). But in terms of baseline
length, with the increase of baseline length, the
smaller the standard deviation of direction finding
is, the higher the accuracy of direction finding is.

5 /(dB)

60 R —— <
40 e

20 o . g 10

20

‘;“ o ’ dix
Figure 4. Influence of baseline and orientation angle on
the angle measurement precision

When the baseline is determined, the
unambiguous range of the measured direction angle
is (-6, 6,)=(-arcsin(4/2d) arcsin(4/2d)). Figure
5 shows the relationship between the unambiguous
direction angle range and the baseline. Where, the
shaded part of the vertical line is the unambiguous
direction angle range corresponding to the baseline
length in the interval of 0~104  The larger the
baseline length is, the smaller the unambiguous
bearing value is, and the smaller the corresponding
unambiguous angle measurement range is.
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Figure 5. Relationships of baseline length and non
ambiguity angle measurement range
Assuming that the frequency is constant, the

short baseline length of the pitch angle measurement
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is half wavelength. In the noisy environment, the
relationship between the angle measurement error of
the double baseline defuzzification and the signal-
to-noise ratio and baseline difference is simulated,
which is shown as Figure 6. With the increase of
signal-to-noise ratio, the angle measurement error
decreases gradually. When the signal-to-noise ratio
is greater than 0dB, the angle measurement error is
relatively small. With the gradual decrease of
signal-to-noise ratio, the angle measurement error
increases by 10% when the signal-to-noise ratio is
reduced by every 2dB. While the angle
measurement error changes little with the baseline
difference by wusing the double baseline
defuzzification method. The method is robust to the
difference of long and short baseline, and is easy to
design and implement.

2

6 -8 10

SNR"
Figure 6. Relationship among the angle measurement
error, SNR and baseline difference

7 Conclusion

In this paper, we have presented a 2D angle
measurement system of phase interferometer based
on multiple antenna. The system can measure the
azimuth and pitch angles simultaneously. The phase
interferometer tracking azimuth angle measurement
method can solve the phase ambiguity simply. The
dual-baseline ambiguity resolution method is
purposed to solve the phase ambiguity of pitching
angle measurement, which can achieve high-
accuracy. So, the system can be used in direction
finding and positioning widely.
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