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1. Introduction
In order to realize the angular superresolution, both the amplitude and the phase

aperture distribution related to the incident waves should be obtained[1]. The digital
beamforming antenna array may be applied for this purpose. Unfortunately it is quite
complicated and costly. Alternatively, in this paper, the time sequence element phase
weighting (TSEPW) technique is proposed for the conventional phased array antenna[2]. After
measuring the outputs corresponding to the different weighting of this antenna, both the
amplitude and the phase distributions may be reconstructed. Consequently, the angular
superresolution may be achieved through the non-linear spectral estimation. The outputs and
the aperture distribution are related through matrix transformation. For easy implementation,
the Walsh-Hadamard transform is specifically chosen. With the aperture distribution, the
angular superresolution is realized through the RELAX algorithm[3] which possesses good
performance under the low SNR and is robust. The equiphase surface of the array is shifted
to face the targets. In so doing, the phase distribution is smooth, consequently the spatial
signal can be sampled sparsely to reduce the number of phase weighting and increase the
speed for real time processing. Because of the time sequence of the phase weighting, the
movement of the radar targets will affect the outputs. To solve this problem, a motion
compensation method is presented. This method requires the measurement of the number of
the targets and their corresponding Doppler frequencies. The phase shifts of the outputs of
the phased array antenna may be obtained from the Doppler frequencies. With these phase
shifts, the complex distribution may be found out which involves the motion compensation.
For an X band one dimension phased array antenna with 139 phased elements, by using the
TSEPW technique, the angular resolution is improved by a factor of 2 under the case of 15 dB
SNR. The TSEPW technique may be applied in the design of new phased array radar
systems or in the reform of the existing conventional phased array radar systems. It is also
possible to be applied in the communication systems.

2. Theory
We consider a one-dimensional phased linear array antenna with N phased elements as

shown in Fig.1. The total output of the phased array antenna is the vector summation of the
individual element outputs and is received by the coherent receiver. The arrival angle of echo
from a target located in the far-field region is denoted by θ. With the received signal xi by the
ith element, the complex amplitude distribution on the array forms a column vector
X=[x1,x2,…,xN]T. N different phase weighting are used, and we assume that in the ith phase
weighting, corresponding to each element, the shifted phase is ϕi1,ϕi2,⋅⋅⋅,ϕiN respectively, and
the weighting coefficient is wik=ejϕik, k=1,2,⋅⋅⋅,N . The output of the antenna array is yi.
Therefore, the output of the phased array antenna with N phase weighting is given by the
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following relationship.
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That is, Y=W⋅X. The reconstruction of the
amplitude and phase distribution on the
antenna array aperture is calculated by

   X=W-1⋅Y              (2)
For easy implementation, Hadamard

matrix HN  is chosen as W, provided N
satisfies the following relationship
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where k is a positive integer.
It is well known that the inverse matrix of HN  is HN

-1=HN/N. Thus, Eq.2 can be rewritten
as

YHYHX N
1

N N

1== −                                    (4)

Since the elements of matrix HN  are +1 or –1, therefore, the phase weighting may be realized
by the two-state 0 or π phase shifter.

If N cannot satisfy Eq.3, we choose the maximum integer M which is less than N and
satisfies Eq.3 to form an M  by M matrix HM , only M elements of the array antenna are phase
weighted according to the N coefficients of a row in HM  to get y1Èy2È…ÈyM  .
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To solve for Eq.5, we need the following additional phase weighting:
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Because  h11=h12= ⋅⋅⋅ =h1M=1, we have
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By substituting Eq.7 into Eq.5, we get
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The equiphase surface of the array is always shifted to nearly face the targets. In so
doing, the phase distribution on the aperture is smooth. Consequently the spatial signal can
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Fig.1 Scheme of phased array antenna
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be sampled sparsely to reduce the number of phase weighting and increase the speed for real
time processing.

Because of the time sequence of the phase weighting, the movement of the radar
targets will affect the outputs Y. As a result, the aperture complex field distribution will be
contaminated. Therefore the motion compensation method is introduced. This method
requires the measurement of the targets and their corresponding Doppler frequencies. The
phase shifts of the outputs of the antenna may be obtained from the corresponding Doppler
frequencies. With these phase shifts, the outputs Y may be corrected and the clean aperture
complex field distribution is finally found. The higher accuracy of measuring the Doppler
frequencies, the less error of the aperture distribution. It is seen that the accuracy of 1Hz is
enough for the requirement of the aperture distribution reconstruction. This distribution is
extrapolated through the non-linear spectral estimation algorithm to get the angular
superresolution. After careful comparison, we choose the RELAX algorithm to do this job. The
reason is that this algorithm possesses good performance under the lower SNR and is quite
robust. These advantages are important in our application.

3.Numerical and experimental results
We first present a numerical example for superresoluton angle estimation by the

TSEPW method. Consider an X band one-dimensional phased linear array antenna radar
with 139 phased elements. The carrier frequency is 10 GHz. The half-power beam width of
the antenna is 0.84°. The pulse repetition frequency (PRF) is 1KHz. Consider the imperfect of
radar components and the received noise, we assume that the root-mean-squared error
(RMSE) of the shifting phase of the element phase shifter (including the phase quantization
error) is 5°. The RMSE of insertion loss of the phase shifter in different phase is 0.5dB. The
output SNR of the receiver is 15dB and the 10 bits analogue-to-digital (A/D) converter is used.

     (a)                        (b)                           (c)
Fig.2 Results of numerical data. (a)True and reconstructed amplitude distribution of aperture  (b)
True and reconstructed phase distribution of aperture (c) Detected radar targets with and without
TSEPW

We assume that there are two targets in front of the radar at same distance of 10Km and
their azimuth angles are –0.2° and 0.2° respectively. One of these two targets moves toward
radar in 5m/s, and the other moves backward radar in 3m/s. Let M=128. Two Doppler
frequencies are detected as 344.7Hz and –207.0Hz. Fig.2 (a) and Fig.2 (b) show the true and
the reconstructed amplitude and phase distribution on the antenna aperture. Fig.2 (c) shows
the angle information of the targets with and without the TSEPW method.

We also apply the TSEPW method to experimental data. An X band phased array radar
with same parameters as those in numerical example is used as shown in Fig.3. Fig.4 shows
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the angle information of the targets with and without the TSEPW under 15dB SNR. The
superresolution performance is observed in different SNR and different number of phase
weighting. The results are shown in Table 1.

Table 1 Angular resolution (degree) in
different SNR and different M

    M
SNR

32 64 128

30 dB 0.54 0.42 0.42
25 dB 0.54 0.42 0.42
20 dB - 0.42 0.42
15 dB - 0.50 0.42

Fig.3 Phased array radar used in experiments          Fig.4 Results of experimental data

4. Conclusions
Azimuth superresolution for phased array radar can be achieved by reconstructing the

complex aperture field distribution and using the superresolution algorithm. The
reconstruction is obtained through time sequence phase weighting. The imperfection of the
components may affect the performance of the reconstruction. This imperfection includes
insertion loss and phase error of phase shifter, additional noise and nonlinearity in receiver,
non-uniformity between inphase and quadrature channels, quantization error in analog-to-
digital converter and so on. It can be shown that Walsh-Hadamard transform can reduce the
influence of error and noise, and the requirements are quite reasonable to the conventional
radar and existing techniques. The experimental results confirm the applicability and the
validity of the proposed TSEPW method.
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