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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. 

Keywords—K-band; FMCW; rain radar; low transmitted 
power; high resolution; rainfall; melting layer 

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—In this paper, a power divider is suggested for 

predefined positive and negative group delay characteristics. The 
positive group delay (PGD) is obtained in between transmission 
paths 2 and 1, whereas the negative group delay (NGD) is in 
between transmission paths 3 and 1. The PGD and NGD are 
controlled by characteristic impedance of horizontal transmission 
line Z1 and shunt resistor R. Perfect input and output matching 
characteristics as well as perfect isolation are obtained at a center 
frequency (f0). For an experimental demonstration, microstrip 
line power divider with the PGD and NGD of 0.6 and -0.5 ns, 
respectively, was designed and fabricated at f0 of 2.14 GHz. The 
measurement results are agreed well with simulation results and 
theoretical predicated values. 

Keywords— negative group delay (NGD), positive group delay 
(PGD), series-fed antenna arrays, transmission line. 

I.  INTRODUCTION  

In microwave circuits and systems, power dividers have 
been widely adopted as basic building components and are 
used  in various applications such as antenna feeding networks, 
high-power amplifiers, linearization of power amplifiers, 
mixers,  and measurement set-ups [1]-[2].  

Recently, negative group delay (NGD) circuits have been 
applied to minimize the beam-squint problems of series-fed 
antenna array [3]-[7]. In [7]-[8], there have been efforts in 
addressing this issue by using the antenna as part of NGD 
circuit and applying amplifier for further loss cancellation. 
However, these works suffer from very small fractional 
bandwidths (FBW < 1.2%). Moreover these works were 
concentrated on design of a power divider and NGD circuit 
separately. 

In this paper, a power divider with predefined PGD and 
NGD characteristics is presented. The NGD (between paths 3 
and 1) and PGD (between paths 2 and 1) can be controlled by 
horizontal transmission line characteristic impedance and 
shunt resistor. Due to NGD through paths 3 and 1, the 
proposed network shows particular constant phase (phase 
characteristics with respect to frequency) over the FBW of 
24%.  

 
Fig. 1.  Proposed structure of unequal power divider with positive and 
negative group delay characteristics.  

 
(a)   (b) 

Fig. 2. (a) Even-mode and (b) odd-mode decompositions of the proposed 
unequal power divider. 

II. THEORY AND DESIGN EQUATIONS  

Fig. 1 shows the proposed structure of the power divider. It 
consists of horizontal transmission lines with characteristic 
impedance Z1 and electrical length of λ/4 and vertical 
transmission lines with characteristic impedance of Z2 and 
electrical lengths of λ/4 and 3λ/4. The shunt resistors R are 
connected in between two horizontal transmission lines Z1. 
Since the proposed structure is symmetrical, even- and odd-
mode analyses can be applied to find the magnitudes of 
scattered waves from the proposed circuit [9]. The resulting 
output signals of the four-port are a superposition of the 
results. The equivalent even- and odd-mode circuits of the 
proposed power divider are shown in Fig. 2. For matched 
conditions, S11, S22, S33, and S44 should be equal to zero at f = f0. 
Therefore, under these conditions, the value of Z2 can be 
obtained as at (1).  
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Fig. 3. Synthesized results of power divider for different values of Z1 and R: 
(a) group delay/magnitude and (b) input/output return losses/isolation 
characteristics.  

2 0Z Z=              (1) 

Similarly, the transmission and isolation coefficients at f = 
f0 are determined as (6).   
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As shown by (2c), the perfect isolation is naturally satisfied 
and independent of the design variables. Moreover, the 
transmission coefficients between different transmission paths 
depend on R and Z1.  

Furthermore, the GDs of different transmission paths 
evaluated at f = f0 are formulated as (3).  
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(a)                                                            (b) 

Fig. 4. (a) EM simulation layout of unequal power divider with physical 
dimensions and (b) a photograph of fabricated circuit. 
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As observed from (3a) and (3b), the PGD is obtained in 
between transmission paths 2 and 1, whereas the NGD is in 
between transmission paths 3 and 1 by properly choosing Z1 
and R.  

In order to investigate the effect of Z1 on the bandwidth of 
GD, the synthesized results (magnitudes of S-parameters and 
GDs) of power divider are shown in Fig. 3. In these 
synthesized results, the GD between paths 3 and 1 is 
maintained constant for different values of Z1. As observed 
from Fig. 3(a), the GD bandwidth is slightly wider in case of 
lower Z1 such as 25 Ω. However, magnitude of S31 is higher in 
case of lower Z1. Therefore, a low value of Z1 is preferable for 
wider NGD bandwidth. Moreover, a trade-off occurs between 
insertion loss and NGD bandwidth. The matched return losses 
as well as perfect isolations at f0 are maintained for all values 
of Z1, as shown in Fig. 3(b).  

III. IMPLEMENTATION AND EXPERIMENTAL RESULTS  

For experimental demonstration purposes, the power 
divider was fabricated at f0 of 2.14 GHz on RT/Duroid 5880 
substrate with a dielectric constant (εr) of 2.2 and thickness (h) 
of 0.787 mm. The simulation was performed using ANSYS 
HFSS 15. The EM layout of the designed unequal power 
divider is shown in Fig. 4(a). A photograph of fabricated 
circuit is shown in Fig. 4(b).  

The goal of a design example was to achieve GD of -0.5 ns 
through transmission paths 3 and 1 and GD of 0.6 ns through 
paths 2 and 1 under the assumption of termination impedance 
of 50 Ω. Therefore, the calculated circuit parameters of the 
unequal power divider are given as Z1  = 30 Ω, Z2  = 50 Ω, and 
R = 126 Ω. The physical dimensions of the fabricated circuit 
are determined as  L0 = 25.1 mm, L1 = 50.8 mm, L2 = 6.8 mm, 
L3 = 25.2 mm, L4 = 9.2 mm, L5 = 6 mm, W0 = 2.4 mm, and 
W1 = 4.9 mm after the EM simulation optimization. 
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Fig. 5. Simulated and measured results of the proposed power divider: (a) 
magnitude and (b) group delay characteristics.  
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Fig. 6. Simulated and measured return losses/isolation characteristics. 

Fig. 5 (a) depicts the simulated and measured magnitudes of 
S-parameters. Since the power divider was designed for k = 20 
log (S21/S31) = 16.9 dB, the S-parameters are calculated as S21 = 
-1.16 dB and S31 = -18.06 dB. Measured S21 and S31 are -1.18 
dB and -18.1 dB at f0 = 2.14 GHz and measured k is 16.92 dB. 
Similarly, the measured GDs between different transmission 
paths are determined as τ21 = 0.58 ns and τ31 = -0.48 ns at f0. 

The NGD bandwidth (bandwidth when GD < 0) of the 
proposed circuit is 500 MHz as shown in Fig. 5(b). 

The simulated and measured return losses/isolation are 
shown in Fig. 6. The measured return losses are determined as 
S11 = -24.24 dB, S22 = -24.98 dB, and S33 = -19.9 dB at f0 = 
2.14 GHz and 15 dB return loss is observed in the frequency 
range of 1.99 - 2.22 GHz. The isolation (S32) between output 
ports is 38.9 dB at 2.14 GHz and greater than 22 dB from 1.9 
to 2.4 GHz.  

IV. CONCLUSION  

In this paper, we demonstrated a design of power divider 
with predefined positive and negative group delay 
characteristics. From theoretical analysis, it is found that the 
group delay is controlled by shunt resistor when the 
characteristic impedance of horizontal transmission line is 
fixed. Both theoretical and experimental results have been 
provided for a verification. For the experimental 
demonstration, the power divider with power group delay of 
0.6 ns through paths 2 and 1 and -0.5ns through paths 3 and 1 
was designed, simulated, and fabricated at the center 
frequency of 2.14 GHz. The measurement results are agreed 
well with the simulations as well as with theoretical predicated 
values. Since the proposed power divider provide the constant 
phase over wide bandwidth, the circuit can be employed as a 
feed network in the series-fed antenna arrays for minimizing 
the beam-squint problems. 
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