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Abstract—To overcome blind spots of an ordinary weather 
radar which scans horizontally at a high altitude, a weather 
radar which operates vertically, so called an atmospheric profiler, 
is needed. In this paper, a K-band radar for observing rainfall 
vertically is introduced, and measurement results of rainfall are 
shown and discussed. For better performance of the atmospheric 
profiler, the radar which has high resolution even with low 
transmitted power is designed. With this radar, a melting layer is 
detected and some results that show characteristics of the meting 
layer are measured well. 
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I.  INTRODUCTION 
A weather radar usually measures meteorological 

conditions of over a wide area at a high altitude. Because it 
observes weather phenomena in the area, it is mainly used for 
weather forecasting. However, blind spots exist because an 
ordinary weather radar scans horizontally, which results in 
difficulties in obtaining information on rainfall at higher and 
lower altitudes than the specific altitude. Therefore, a weather 
radar that covers the blind spots is required. 

A weather radar that scans vertically could solve the 
problem. This kind of weather radar, so called an atmospheric 
profiler, points towards the sky and observes meteorological 
conditions according to the height [1]. Also, because the 
atmospheric profiler usually operates continuously at a fixed 
position, it could catch the sudden change of weather in the 
specific area. 

In this paper, K-band rain radar which has low transmitted 
power and high resolutions of the range and the velocity is 
introduced. The frequency modulated continuous wave 
(FMCW) technique is used to achieve high sensitivity and 
reduce the cost of the system. In addition, meteorological 
results are discussed. Reflectivity, a fall speed of raindrops 
and Doppler spectrum measured when it rained are described, 
and characteristics of the melting layer are analyzed as well. 

II. DEVELOPMENT  OF K-BAND RAIN RADAR SYSTEM 

A. Antenna 
To suppress side-lobe levels and increase an antenna gain, 

offset dual reflector antennas are used [2]. Also, separation 

wall exists between the transmitter (Tx) and receiver (Rx) 
antennas to improve isolation between them. With these 
methods, leakage power between Tx and Rx could be reduced. 
Fig. 1 shows manufactured antennas and the separation wall.  

B. Design of Tranceiver 
Fig. 2 shows a block diagram of the K-band rain radar. 

Reference signals for all PLLs in the system and clock signals 
for every digital chip in baseband are generated by four 
frequency synthesizers. In the Tx baseband module, a field 
programmable gate array (FPGA) controls a direct digital 
synthesizer (DDS) to generate an FMCW signal which 
decreases with time (down-chirp) and has a center frequency 
of 670 MHz. The sweep bandwidth is 50 MHz which gives the 
high range resolution of 3 m. Considering the cost, 2.4 GHz 
signal used as a reference clock input of the DDS is split and 
used for a local oscillator (LO). the FMCW signal is 
transmitted toward raindrops with the power of only 100 mW. 
Beat frequency which has data of the range and the radial 
velocity of raindrops is carried by 60 MHz and applied to the 
input of the Rx baseband module. In the Rx baseband module, 
quadrature demodulation is performed by a digital down 
converter (DDC). Thus, detectable range can be doubled than 
usual. Two Dimensional-Fast Fourier Transform (2D-FFT) is 
performed by two FPGAs. Because the 2D FFT is performed 
with 1024 beat signals, the radar can have high resolution of 
the radial velocity.  Finally, data of raindrops are transferred to 
a PC with local LAN via the an UDP protocol. TABLE I. 
shows main specification of the system. 

 Fig. 1. Manufactured antenna and separation wall. 
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Abstract—TTTThis paper proposes an efficient calibration method 

of array manifolds for accurate direction of arrival (DOA) 

estimation. The DOA is estimated by using the conventional 

multiple source classification (MUSIC) algorithm, and the 

accuracy of the proposed method is compared to that of the 

conventional calibration method to verify the suitability. The 

proposed method calibrates the entire array manifold using a 

true steering vector obtained from a single direction and 

maintains an average estimation error of 2.9°°°°. The results 

demonstrate that accurate DOA estimation can be achieved by 

the proposed method with reduced calibration complexity. 

Keywords—array manifold calibration, direction finding, 

direction of arrival estimation. 

I.  INTRODUCTION 

Direction finding (DF) systems are widely employed on 
military aeronautic weapons to estimate the direction of radio 
sources using antenna arrays. These arrays are used to 
determine the source direction by comparing the pre-saved 
array manifold with the real-time measurement; however, the 
real-time data are easily distorted by the mutual coupling 

effect, which also lowers the DF accuracy [1]‒[3]. Thus, there 

have been a lot of effort made to calibrate the array manifold 
for accurate direction of arrival (DOA) estimation [4], [5]. 
Although the accurate calibration can be achieved by 
measuring steering vectors for all source directions, it requires 
tremendous time, cost, and man power, especially when the 
array antennas are mounted on huge platforms [6]. 

In this paper, we present an efficient calibration method of 
array manifolds for accurate DOA estimation. The DOA is 
estimated by using the conventional multiple source 
classification (MUSIC) algorithm [7], and the accuracy of the 
proposed method is compared to that of the conventional 
calibration method to verify the suitability. The results prove 

that the proposed method is more efficient when the number 
of measured steering vectors is limited to a few measurements. 

II. PROPOSED CALIBRATION METHOD 

Fig. 1 shows a commercial off-the-shelf antenna from 
Amotech that is used as individual elements of a 7-element 
array [8]. Detailed design parameters are listed in Table 1, and 
the geometry is modeled as piece-wise mesh triangles in 
FEKO EM simulator [9]. The simulated reflection coefficient 

is ‒12.6 dB at 1.575 GHz, and is similar to the measured value 

of ‒18.6 dB. The bore-sight gain also shows a good agreement, 

for example, the measured gain at 1.575 GHz is 0.9 dBic, 
which is similar to the simulated value of 0.6 dBic. 

 

Fig. 1. A commercial off-the-shelf microstrip patch antenna from Amotech. 
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Fig. 2. An example array pattern of the proposed calibration method. 

TABLE I.  DESIGN PARAMETERS OF THE ANTENNA 

Parameter w g t
1
 t

2
 (f

x
,  f

y
) h 

Value 12.8 18 1.1 1.3 (‒1.1, 0) 4 

a.
 Unit: mm 

 

Seven identical elements are arranged on a circular ground 
platform with a diameter of 262 mm, and the array radius is 
set to be 106 mm, so that the inter element spacing is 
maintained to be about a half wavelength. The array manifold 
of the array is obtained from port currents induced by plane 
wave sources, whose incident angles are adjusted to compute 
true steering vectors from different angles. Then, the 
theoretical array manifold is calibrated by using 684 true 
steering vectors, and the conventional calibration matrix is 
calculated by (1). 

 ( ) ( )
1
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True Theory Theory Theory
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−

= ⋅ ⋅ ⋅  (1) 

The proposed method calibrates the theoretical array manifold 
using a calibration vector that is computed by using a single 
steering vector at one direction as in (2). 

 *

True Tehory
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 (2) 

Fig. 2 presents an example array pattern of the proposed 
calibration method. It is assumed that the pattern is calculated 
by the MUSIC algorithm, and the incident angle of the signal 

is φ = 210° and θ = 105°. The root mean square (RMS) error is 

2.9°, which is similar to the conventional method of 2.1°. 
However, the RMS error of the conventional method is highly 
dependent on the number of true steering vectors, for example, 

the error is greater than 10° when the number is decreased to 
less than 12. Thus, we can verify that better accuracy can be 
obtained by the proposed method when the number of true 
steering vectors is limited. 

III. CONCLUSION 

This paper investigated the efficient calibration method of 

array manifolds for accurate DOA estimation. The DOA was 

estimated by using the MUSIC algorithm, and the accuracy of 

the proposed method was compared to that of the conventional 

calibration method to verify the suitability. The proposed 

method maintains an average estimation error of 2.9°; 

however, the RMS error of the conventional method is 

increased to about 10° when the number of true steering 

vectors is insufficient. Thus, we can verify that the proposed 

method is suitable to achieve accurate DOA estimation with 

reduced calibration complexity compared to the conventional 

approach. 
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