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Abstract—A three dimensional finite difference time domain LT-GaAs Si Lens
(FDTD) technique is applied to analyze the propagation character-
istics of terahertz (THz) antenna whose dimension is smaller than
the wavelength. A diffraction theory is also utilized with the FDTD Bias Metal

technique for observing the far-field dispersion and attenuation of
radiation from the THz antenna with a hyper-hemispherical silicon
lens which is much larger than the wavelength. The signal degra-
dation effects due to misalignment between the antenna and silicon Short Pulse
lens are also characterized. Laser

Index Terms—Diffraction theory, FDTD, terahertz antenna with
Si lens.
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. INTRODUCTION

ECENTLY, terahertz (THz) electromagnetic sourcegig 1. THz dipole antenna with a hyper-hemisperical Si lens.

[1], [2] draw much attention and interest because
they are essential parts of many potential applications in the ] ]
sub-millimeter range. The applications include the imaging wiffiffraction theory also needs to be adopted for analyzing a prop-
terahertz beams [3], far-infrared spectroscopy, millimeter-wa@gation system with large elements, Si lens in this case.
communications, etc. Despite the great importance of terahert2" this paper, we also suggest a hybrid method combining the
signals, the propagation characteristics of THz antenna hdva D technique and diffraction theory in the time domain for
not yet been studied in detail. However, the exact analysis BIpdeling the THz antenna with a hyper-hemispherical Si lens
the role and characteristics of antenna and silicon (Si) lenstfStudy the radiation charateristics of terhertz signals.
the THz system becomes more important as we want to get
stronger signal and wider spectrum.

Some field analyzes on the THz antenna have been performed Il. TERAHERTZ ANTENNA

using geometrical optics and diffraction theory [4]. However,
these analytic aproaches have limitations in modeling the exci-One of the techniques generating THz electromagnetic waves
tation current driving the antenna and the complicated anterif40 use a microstrip line antenna fabricated on a semiconductor
structures with bias metal lines. Therefore, full wave analyswibstrate with a dc bias between the lines. And the gap be-
such as finite difference time domain (FDTD) technique is réween the lines is driven by a femtosecond laser to give transient
quired to study the attenuation and dispersion characteristicfiptocurrent which results in the THz radiation. Fig. 1 shows
the time domain. But the full wave analysis is not suitable f@ THz dipole antenna structure with a hyper-hemispherical Si
the analysis of THz antenna with a large Si lens which helfghs. A dc voltage is biased at the photoconductive gap through
collimate the radiation because the size of Si lens is several t8g metal lines.

times lager than the wavelength. The analytical method such agVhen a femtosecond laser illuminates the photoconductive
gap, electron-hole pairs are generated and they recombine in

a few hundred femtoseconds (fs). These photogenerated car-
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Fig. 2. A virtual surface to calculate the far fields.

Fig. 3. Far field calculation scheme when Si lens is attached.

I1l. FDTD ALGORITHM

The time and space dependent Maxwell's equations are disif there is no Si lens, the far fields in free space can be ob-
cretized in both time and space using the FDTD technique thained by near-field to far-field (NFFF) transformation using the
was introduced by Yee [6]. This method needs not vector equivalent sources on the virtual surface as
scalar potentials. Instead, FDTD is based on the electric and

magnetic fields in time and space. Equation (1) represents the E(ﬁ t) = Ho j[ {7 X F X i,fs(ﬁ,t’)

finite difference relations for the component of electric and drr Js ot

magnetic field in three dimensional space. + 1 A x J\Z@(F’,t’)} ds’ )
The photocurrents in the photoconductive gap are regarded 7o

as the wave sources or the excitation currents. Hence, the pha- ¢ i< 5 virtual surface and the retarded time is- t—(r—

tocurrents are added tpcomponent electric fields which are #/¢) > 0. And ¢ is the light velocity in free space, is an

located at the photoconductive gap. equivalent electric current source aifl is a magnetic current
To truncate the computational domain and reduce the req rce g

flection at the outer boundaries, absorbing boundary conditionWhe'n a truncated Si lens is attached as in Fig. 3, we assume

(ABC) is required. In this paper, the 2nd order dlspersw‘?‘at the right half plane is filled with Si and the virtual surface

boundary condition (DBC) [7] is employed, that is one o . . .
ABC’s that show good absorbing performances over a Wiéurrounded by PEC locates in a homogeneous Si material. And

V\?e assume that the effects of the reflective waves at the surface
frequency band.

of Si lens can be neglected. Because the size of Si lens is very
large compared with the wavelength, the interference by the re-
IV. FAR FIELD CALCULATION flected wave can be neglected. So, the far fields can be calcu-
. ] ] lated by two stages as Fig. 3.
To obtain the far fields of the THz antenna, the virtual sur- Fjrst ysing the NFFF transformation and the equivalent

faces have to be placed in the computational domain and to gBurces in the virtual surface, the electric and magnetic fields
close the whole antenna, where the equivalent electric and mgg- the surface of Si lens can be obtained. Second, using
netic currents are defined. In this paper, we assume that the TH{asnel-Kirchhoff's diffraction formula (FKDF) which is used
dipole antenna radiates the electromagnetic wave in the vicinp’,t]yoptiCS [8], we can calculate the far fields in free space.

of the photoconductive gap and the radiation far from the ggRuation (3) is time domain Fresnel-Kirchhoff's diffraction
can be neglected. Therefore, the virtual surface is assumed tgfggra).

an aperture surrounded by PEC’s which is placed at the upper

Hi g,k

location of GaAs substrate as Fig. 2. Vo = -1 49 / Us(t—r/c)
So, we can assume that the electromagnetic wave is radiated dme Ot Jg T
only from the virtual surface. - (cos Bour — n; cosbiy) ds’ 3)
n—|—1/2 n—|—1/2 n—|—1/2 n—|—1/2
Bt — gy 4 20 Heli jyvon = Helijoiyan Hulijahaye = Huli 35
zli gk — TTligk ik Ay Az
H |n+1 —H |n—1/2 + At Ey|2j,k+1/2 - Ey|2j,k—1/2 _ EZ|?,J'+1/2,k - EZ|?,J'—1/2,k (l)
zligk — Tl gk Az Ay
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Fig. 5. The reduced THz dipole antenna model.
Fig. 4. Fresnel-Kirchhoff's scheme in detail.

TABLE |
SPECIFICATIONS OFTHZ DIPOLE ANTENNA

Thickness of GaAs (um) 500 E § scaled by 100
Dipole width/length (+xm) 10/40 g Eo
Permittivity (g,) 13.2 ’ZS § v 4
Rising/Falling time (ps) 0.2/0.4, 1.0, 2.0 < h
Size of the virtual surface (m) 210x 125 ‘\‘ scaled by 10
time>

whereS is the surface area of Si lenB; is the scalar fields on Fig. 6. Field waveforms on the virtual surface. Solid line represents the field
the surface of S lensis the distance betueen the surface of S e o) 2 e ot 2 S hrcns e feld n e midle
lens and the far poin®. And rn; is the refractive index of Si.
Fig. 4 represents Fresnel-Kirchhoff’s diffraction scheme in
the vicinity of the surface of Si lens in detail. Lo x .
where# is a normal vector; is a vector from the far poin® = x 1ps L
andp is a vector from the center of the virtual surface. -

.
™

V. NUMERICAL RESULTS

A. THz Antenna without Si Lens

Magnitude (V/m)

Considering the symmetric relation of the THz dipole antent
structure and the excitation currents, we can place the PEC :
PMC planes at the boundary surfaces so that the computatic u x*
domain is reduced by a factor of 4. The reduction of comput-1.0
tional domain makes it possible to decrease the computatio time’
time and the usage of computer memory. The specifications ui
THz dipole antenna are given in Table I. GaAs substrate is g%y, 7. Electric field waveforms at “near” and “mid” point. The “near” field
sumed to be lossless and not to be dispersive. And the thickniegsrmalized. The magnitude of the “mid” field is relative to that of the “near”
of the metal lines is neglected. The bias metal lines are assurfiglét
to be infinite along the; axis.

Fig. 5 shows the reduced THz dipole antenna model consitie electromagnetic wave is radiated only from the virtual sur-
ering the symmetric antenna structure and the boundary corfdie is reasonable. Fig. 7 represents that the time domain elec-
tions such as PEC or PMC. The excitation currents are assundclfield waveforms at “near” and “mid” point along theaxis
to flow only in the photoconductive gap on the surface of Gafsre displayed when the source current has 0.2 ps rising and 0.4
substrate. ps falling time. The label “near” denotes the location in the

Fig. 6 represents the electric fields at some points on the viniddle of GaAs substrate and “mid” is at the virtual surface.
tual surface. As the distance increases from the center of thehe Fig. 7, the “near” field has a ringing tail. We expect that
virtual surface, the magnitude of the electric field decreasdhis ringing is due to the multi-reflection in GaAs substrate. The
From the result of Fig. 6, we can see that the assumption thatid” field has a small ringing tail.

T
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TABLE 1l

1.02¢ - SPECIFICATIONS OFHYPER-HEMISPHERICAL S| LENS
2 g L ““% Radius (mm) 5.0
£ = o « N o Flat (mm) 1.41
= x . R
= g } * 1.0 ps Permittivity (g,) 11.0
= . —
-1.53} W A

> - .
time 1.0 Y
+ : Simulation
Fig. 8. Far field waveform at the axis in time domain.
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Fig. 9. Far field waveform at the axis in frequency domain.
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> Fig. 11 represents the comparison of the normalized time do-
main far field at thez axis between our simulation and the ex-
Fig. 10. Far field waveforms for different excitations. The 2nd peak decreas%gn_mental result of [1]. L .
as the falling time increases. ig. 12 shows the electric field waveforms on- and off-axis.
On-axis means the position locates at thaxis and off-axis
Figs. 8 and 9 represent the far field waveform atfaxis in mhga;«naS;iZe position locates E-plane atan angle of 15 degree from
time and frequency domain respectively. The magnitude of tf‘leFi“g 13 'shows the normalized magnitude in frequency domain
far field is relative to that of the “near” field. The radiated field ffecté of the misalignment between of THz dipole antenna and
has.aW|de spectrum W't.h the strongest f|(_eld at arognd O'G.T i'lens. If there is a misalignment, the higher frequency term
Fig. 10 shows the far field waveforms with the various fa”'n%ecreases We think that these phenomena may be mainly due
times of the excitation current. Larger the falling time, Iowerth{eo the incréase of the reflection loss at the surface of Si lens if
2nd peak value as expected. misaligned

time

B. THz Antenna with a Hyper-Hemispherical Si Lens
The specifications of Si lens are shown in Table Il. The pho- VI ConcLUSION

tocurrentis assumed to have 0.2 ps rising time and 0.4 ps fallinglhe propagation characteristics of the dipole antenna with Si
time in this case. lens radiating THz electromagnetic waves are analyzed using
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Fig. 13. Antenna misalignment effect in frequency domain. The solid line is 7]
the case of the exact alignment and **" is of the misalignment with 0.5 mm shift
to thex axis. 8]

9
the FDTD technique and Fresnel-Kirchhoff’s diffraction for- "
mula. The electric and magnetic fields near the antenna are o8]
tained and saved using FDTD technique. Without Si lens, the )
far field waveforms are calculated using NFFF transformation
only. When Si lens is attached, the far field signals are obtained
using NFFF transformation and Frensel-Kirchhoff’s diffraction
integral.
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