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Abstract—In this paper two approaches to joint signal detection,
time of arrival (ToA) and angle of arrival (AoA) estimation in
multi-element antenna array are investigated. Two scenarios were
considered: first one, when the waveform of the useful signal
is known a priori and, second one, when the waveform of the
desired signal is unknown. For first scenario, the antenna array
signal processing based on multi-element matched filtering (MF)
with the following non-coherent detection scheme and maximum
likelihood (ML) parameter estimation blocks is exploited. For second
scenario, the signal processing based on the antenna array elements
covariance matrix estimation with the following eigenvector analysis
and ML parameter estimation blocks is applied. The performance
characteristics of both signal processing schemes are thoroughly
investigated and compared for different useful signals and noise
parameters.
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I. PROBLEM DISCUSSION

N modern radar and communication systems, the problem

of joint signal detection and the parameters of signals
estimation is quite difficult in the general case.

Usually two main theoretical principle of detection of
signals with unknown parameters are used: 1. Method of
averaged likelihood ratio, when for solving the detection
problem used a likelihood ratio, additionally averaged a priori
distributions [1]; 2. The generalized likelihood ratio is then
the unknown parameters replaced by their ML estimates on the
available samples [2]. However, their implementations when
using multi-element antennas is too complicated.

In this work two scenarios of signal processing for detection
and ToA and AoA estimation are investigated. Consider
narrow-band p-element antenna array with arbitrary spacing
elements and assume that useful signal represents a plane wave
with unknown AoA and ToA. In this case the detection task
for useful signal on the background of spatially and temporally
white gaussian noise can be formulated as
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Ho = x(t) = &(1), (D)
Hy:x(t) = €(t) +s(t, ¢o, a),

where Hy is the null hypothesis about only noise presence,
and H; is the alternative hypothesis about additive mixture of
complex Gaussian noise &(t) with zero mean and variance o2
and useful signal s(t, o, t4)with unknown parameters AoA
#0, ToA ta and power o2 presence [3] - [16]. The form
of the signal is the same at all sensors except for the delay
due to the difference in propagation times. N samples of the
noise vector £(t) are uncorrelated and hence independent in
time and space and identically distributed. The useful signal
can be written as

s(t) = s(t)S 2)

where s(t) - is the complex amplitude of the signal, known
or unknown, and a complex phazor vector S - is the vector of
the wave front, depending on the position of the signal source
and the configuration geometry of the antenna array.

Block scheme in the first scenario for the known complex
amplitude function s(t) is presented in Fig 1. In this case,
the processing is based on multielement matched filtering
(MF). The signal from each element of the antenna array
passes to a matched filter. In this figure, the X, (¢) denoted
the corresponding complex amplitude of the signal on each
element.
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Fig. 1 Block scheme in the first scenario

The signals for signal processing by elements of the antenna
array, after convertion into I/Q (quadrature) components go to
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the matched filters. The matched filter signal output has the
form of the p-element complex vector

X

Y(t) = / hag ()X (t — 7)dr, 3)

— X

where hpp(7) - matched filter impulse response
hMF(T)IS(to—T). (4)

The output signals of MF block register in memory and in
parallel go to the combiner block where decision statistics of
T(t) is created as incoherent sum of matched filters outputs:

T(t)=>_ [Y;(t)? )

and is a scaled Xgp random variable under H, and
H; [6]. After comparing with the threshold received by
Neumann-Pearson criterion for the given value of a false alarm
probability

threshold

Pra = X3

2p

) (6)

in case of decision on signal presence, the ToA estimation
is founded as a maximum of decision statistic T(t) (see, as
example, Fig. 2), and the block of an of AoA estimation
is activated. For estimating the AoA the output matched
filters signal is compared with plane waves coming from
all directions. The angle corresponding to the maximum
projection of the accepted signal,is defined as the best estimate
of AoA.
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Fig. 2 Principle of AoA estimation

For comparison consider the second scenario corresponds
to reception of the signal with the unknown waveform s(t).
In this case the useful signal can be written as (2) with the
random complex amplitude (Gaussian complex signal with a
zero mean, variance o2). Optimal block scheme for signal
processing of the second scenario (MaxLambda) is presented
in Fig. 3 [17] - [19].

During processing the signals from the each separate sensor
are combined in a vector X. Further in a mode of a sliding
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Fig. 3 Blocke scheme of the second scenario

window estimation of the covariance matrix C of the received
data is formed in the block C(t)

1 X
C=x > XX 7)
a=1
Then in block Eigenanalysis the spectral decomposition of
a matrix made and the maximum eigenvalue A, and
corresponding eigenvector V selected. Since the maximum
eigenvalue of sample covariance matrix is sufficient statistics
in this case, the decision is made by comparing of this
eigenvalues threshold. CDF of the maximal noise eigenvalue
corresponding to a null hypothesis of Hps was received in
work [20] and looks like:

N—p+i—j—1,MAN)
D(N —p+i)I'(j)

Fig. 2 also suitable for this case, but the statistics j\mw with
the corresponding threshold is compared. Eigenvector V will
be a vector-phazor ML estimation then it is easy to receive
the ML estimation of AoA.

Details on this scenario were considered in the previous
works [17] - [20].

F () = |2 . ®)

II. SIMULATION RESULTS

To ensure the noise immunity and accuracy of AoA and ToA
estimation these scenarios were simulated using MATLAB for
1,2 and 4-element antenna array.

Useful signal was simulated as a Barker code of different
length. Probability of the false alarm in this case and in all
subsequent experiments was equal to Pr4 = 0.05.

In Fig. 4 detection curves (probability of the right detection
as functions of the signal-to-noise ratio SNR in one antenna
element) for both scenarios are presented. Barker code here
has a length of 13 conditional units.

The effect of the useful signal length on the probability
of detection is investigated in Fig. 5 and Fig.6. Detection
curves in these figures are obtained for a single element of
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Fig. 4 Detection curves for MF and maxLambda scenarios

the antenna array for MF scenario (Fig.5) and MaxLambda
scenario (Fig.6). As a useful signal was considered Barker
code of length 1, 7 and 13 conditional units. With increasing
signal length from 1 to 7 conditional units gain up to 8.5 dB
for MF and 5 dB for maxLambda, while increasing signal
length from 1 to 13 conditional units gain up to 13 dB for
MF and 6.5 dB for maxLambda. Thus, the ratio of gains for
these two scenarios can reach two times in favor of matched
filtering.

Prd

SNR (08)

Fig. 5 Detection curves for MF for different useful signals length
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" SR
Fig. 6 Detection curves for MaxLambda for different useful signals length

The dependence of the probability of the right detection for
both scenarios from the number of antenna array elements
presents on Fig. 7 for the MF method and on Fig. 8 for
maxLambda method. Useful signals length was 7 conditional
units. With increasing number of elements of the antenna
array MF method gain with respect to the maxLambda method
decreases very slowly. Thus, for p=1 it is about 3.3 dB, for
p=2 it is 3 dB, for p=4 it is 2.8 dB.

Prd

SNR{dB}

Fig. 7 Detection curves for MF for different number of elements of the
antenna array
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Fig. 8 Detection curves for maxLambda for different number of elements of
the antenna array

The following figures show the accuracy of parameters
estimation for both scenarios. In Fig.9 and Fig. 10 the MSE
of AoA for this scenarios shows. The probability of the right
detection is 0.05, the useful signal Barker code is with different
lengths. Fig. 9 shows how improved evaluation method for
MEF, Fig.10 - for maxLambda method. Fig. 11 compares the
MSE of AoA for both scenarios for Barker code with length
7 conditional units.

MSE of AcA

SNR(@B)

Fig. 9 MSE of AoA for MF for different signals length

Similar figures are shown in Fig.12 - Fig.14 for MSE
of ToA. All of these characteristics are better for the first
scenario. However, for the implementation of this scenario
requires a complete a priori information about the signal.
In conclusion, we may add that the detection curves and
estimation of ToA and AoA coincide for the case when the
length of the signal is equal to 1 conditional unit, as was
expected.
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Fig. 10 MSE of AoA for maxLambda for different signals length
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Fig. 11 MSE of AoA for both scenarios
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Fig. 12 MSE of ToA for MF for different signals length
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Fig. 13 MSE of ToA for maxLambda for different signals length
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Fig. 14 MSE of ToA for both scenarios

III. CONCLUSION

Two scenarios, allowing to detect the signal and estimate
ToA and AoA, were investigated in this work. Two scenarios
were considered: first one, when the waveform of the useful
signal is known a priori and, second one, when the waveform
of the desired signal is unknown. In the first case sufficient
statistics is the value of the response of the matched filter,
the second is the maximum eigenvalue of sample covariance
matrix. Noise immunity and estimation accuracy for AoA and
ToA of MF and MaxLambda scenarios were studied. Results
of researches in case of some additional conditions can be
applied to a digital communications systems.
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