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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—The behavior of power transmission of a normally 
incidence plane wave with transverse magnetic polarization 
through subwavelength slits on silver and gold plates at 30 
terahertz is investigated for various slit widths and plate 
thicknesses. The analysis is performed based on a rigorous mode 
matching technique which is appropriate to this geometry. The 
transmission patterns versus plate thickness in the range 0.25 to 4 
free-space wavelengths are contrasted to those of a slit on 
perfectly conducting plate. 

Keywords—slit transmittance; mode matching technique; MIM 
(Metal-Insulator-Metal) waveguide 

I.  INTRODUCTION 

The subwavelength slit transmittance problem can be 
analyzed by “brute-force” techniques such as finite-difference 
time-domain (FDTD) and finite elements. However, brute-
force techniques can only provide a posteriori physical insight, 
and are less suitable for conducting parametric or convergence 
studies since any changes of parameters require rerun of an 
entire simulation. The mode-matching technique (MMT) is a 
good alternative to tackle this problem being naturally suited 
to geometries involving a junction of two or more layered 
regions. Besides being more computationally efficient than 
FDTD or finite elements for this class of problems, the MMT 
provides direct insight into the physics of the problem. In this 
work, we utilize a rigorous MMT to provide a detailed 
characterization of the transmittance through subwavelength 
slit apertures on Ag and Au plates as a function of the gap 
width and plate thickness at 30 THz. 

II. PROBLEM GEOMETRY AND PERMITTIVITIES OF METALS 

The geometry to be studied here is described in Fig. 1. 
Regions 1 and 3 are air, and Region 2 comprises a Metal-
Insulator-Metal (MIM) waveguide with gap width 2g and 
thickness d. The structure is consistent along y. Junctions 1 
and 2 are defined the boundaries between Regions 1 and 2 and 
Regions 2 and 3, respectively. A plane-wave is normally 
incident from Region 1 and transmitted into Region 3. 
Usually, the TM polarization is more interesting for this 
geometry. The transmittance, dimensionless, is defined as 
usual by [1] 
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where Pt is transmitted power into Region 3 and Wi is power 
density of the incident plane-wave. 

The relative permittivities [2] of Ag and Au utilized at 30 
THz are −3738.3 − j1487.3 and −3496.4 − j1464.7, 
respectively, with e+jωt phasor convention. 

2g

d

Free Space
(Region 1)

MIM 
Waveguide
(Region 2)

Free Space
(Region 3)

Junction 1

Junction 2

x
y

z

xE
yH

Incident TM 
Wave

Transmitted 
Wave

 

Fig. 1. Geometry of the problem. The dispersion equation in the MIM 
waveguide depends on g and the metal plate permittivity εm. 

III. EIGENMODE ANALYSIS 

We consider TM modes, with field component Hy, Ex, and 
Ez. To apply MMT, eigenmodes of Region 2 in Fig. 1 should 
be determined. This region corresponds to a MIM waveguide, 
where the permittivity is a function of x, i.e. ε(x) = ε0εr(x). The 
dispersion equation for the waveguide is written as [3] 
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The magnetic field now reads 
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for both point and discretized continuous spectra [3]. 

IV. MODE MATCHING TECHNIQUE 

The MMT [4, 5] obtains modal coefficients by applying 
(after expanding the fields in each region into the set of 
discrete modes with unknown coefficients) the proper 
boundary conditions, i.e. continuity of the transverse electric 
and magnetic field components, at Junctions 1 and 2. For 
Junction 1, the equations from the boundary conditions [4] are 
given as follows. 
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A similar equation can be obtained for Junction 2 in Fig. 1. 
This multi-junction problem can then be solved in a standard 
fashion in [5], exploring mode orthogonality [4], to determine 
the resulting reflected and transmitted waves in Regions 1 and 
3, respectively. 

 

 

Fig. 2. Transmittance vs. plate thickness d for 2g = 0.01λ0. Note that the 
ordinate in the right plot is expanded. 

 

V. TRANSMITTANCE RESULTS 

Figs. 2-4 show the transmittance results for various 
combinations of frequency, gap width, and plate thickness. In 
all these results, h is set so that 2(g+h) = 5λ0. Table I shows 
the normalized propagation constant kz/k0 of the first mode in 
point spectrum, TM0, for each slit width considered. The 
transmission pattern periodicity with respect to d/λ0 becomes 
shorter as the gap width 2g decreases. This is explained by 
Table I, which shows a decrease on the real part of the 
propagation constant of the dominant mode with increasing 
gap width. 

 

Fig. 3. Transmittance vs. plate thickness d for 2g = 0.05λ0. 

 

Fig. 4. Transmittance vs. plate thickness d for 2g = 0.1λ0. 

TABLE I.  NORMALIZED PROPAGATION CONSTANTS KZ/K0 

Gap Width 2g Gold Silver 

0.01λ0 (Fig. 2) 1.2283 – j0.0415 1.2225 – j0.0387 

0.05λ0 (Fig. 3) 1.0496 – j0.0097 1.0482 – j0.0090 

0.1λ0   (Fig. 4) 1.0251 – j0.0050 1.0244 – j0.0046 

 

VI. CONCLUSION 

This work investigate subwavelength slit transmittances on 
Ag and Au plates in the terahertz range for various plate 
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thickness and slits. The MMT allows for a better 
understanding of the physics on the transmittance results, 
including mode patterns and the eigenvalues distribution 
variations with the geometric parameters (thickness, width). 
The results from Au plates show lower transmittances than 
those of Ag due to the higher losses in the former. The 
transmittance peaks degrade with an increase on the Ag and 
Au plate thickness, an effect which is not present in the PEC 
case. This degradation is another consequence of ohmic losses. 
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