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Abstract— The design of a dual-slot antenna integrated with
an interdigitated electrode (IDE) LT GaAs photomixer together
with choke filters and a dielectric lens, optimized for high output
power at an operating frequency of 1 THz is proposed. An
equivalent-circuit model for determination of coplanar waveguide
(CPW) IDE capacitance is suggested, in order to tune it out
using a dual-slot antenna. The initial design based on a Smith
chart approach has been validated by carrying out exhaustive
simulations in CST MicroWave Studio software. The radiation
efficiency, incase of a dual-slot antenna integrated with a lumped
capacitor element is found to be 81% with a directivity value
of 11.47 dBi. The effect of choke filters on different antenna
radiation parameters is also investigated. A 3-fan CPW radial
stub gives a radiation efficiency of 62% with a directivity of 10.5
dBi and has a potential of providing better performance.

I. INTRODUCTION

Photomixers are finding applications as continuous-wave
(CW) THz radiation source for high-resolution spectroscopy,
imaging systems and as a local oscillator on future space-borne
heterodyne receivers etc. [1], [2], [3], [4]. The system config-
uration of a typical photomixer setup is shown in Fig. 1. The
design of a CW photonic THz antenna is not possible without
understanding of the photomixer operation and devices. The
state-of-the-art LT GaAs interdigitated electrode photomixer
has been selected for its relative ease of fabrication, and
a potential of giving useful output powers for most of the
applications at THz frequencies. A lot of research has been
carried out to optimize LT GaAs design, but most approaches
are based on an improved heat sinking to allow for a higher
optical input power. The low output power of a photomixer at
high frequencies is a result of -6 dB/octave roll-off arising
from the lifetime of the carriers and a reduction in load
impedance due to the R;,tCejec time constant (another -6
dB/octave roll-off). The ‘shorting out’ of the load impedance
by photomixer capacitance makes it increasingly difficult to
couple power into an external circuit. The increased antenna
resistance and tuning out the electrode capacitance play a
pivotal role in the design of an efficient high output power
THz emitter. Dipole and slot antennas, used as single and
dual elements, have significant power advantages over log-
spiral designs, when large bandwidths are not necessary [5].

However, the inductive tuning used by these antenna elements
to tune out the electrode capacitance at the desired frequency
requires the determination of interdigitated electrode capac-
itance. Antennas on planar dielectric substrates suffer from
power loss to substrate modes which can be eliminated using
a semi-infinite dielectric substrate [6].

Section II presents an approach for capacitance determina-
tion of CPW interdigitated electrode geometry. The detailed
design and simulation of a dual-slot antenna at 1 THz operat-
ing frequency is explained in Section III. Section IV illustrates
different choke filter schemes and the simulation results of a
THz emitter. Finally, the conclusion is made.

Choke Filter with Biasing
Scheme
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laser sources
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Fig. 1. Photomixer operation

II. CPW IDE CAPACITANCE DETERMINATION

The interdigitated electrode geometry possesses a capac-
itance that presents a key design challenge for providing
high output power and strongly affects the behavior of the
photomixer-integrated-antenna at THz frequencies. The pre-
diction of quasi-static interdigitated electrode capacitance us-
ing a conformal mapping technique suffers from limitations
of ignoring the metallization thickness, end-capacitance and
high frequency effects [7]. In this section, an approach for
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TABLE I
COMPARISON BETWEEN QUASI-STATIC APPROXIMATION AND CST MWS SIMULATIONS

# Interdigitated Electrode Geometry Approaches
Ny | Wy Wy Ly t Quasi-Static CST MicroWave Studio
(pum) (pem) (pm) (pem) Approx. Cap.Range Constant Cap.
Cap.(fF) (0.2 - 2 THz) Range(THz) Val.(fF)
1 4 0.2 14 3.6 0.5 0.359 0.6351 - 0.9314 0.9980 - 1.0620 0.71
2 4 0.2 1.4 3.6 0.005 0.4974 - 0.7177 0.9320 - 1.0140 0.55
3 6 0.2 0.85 4.6 0.5 0.8862 1.181 - 2.346 0.9980 - 1.0320 1.35
4 5 0.2 1 4 0.5 0.58786 0.871 - 1.328 0.9640 - 1.010 0.97
5 4 0.24 1.76 6.24 0.5 0.61216 0.754 - 1.702 0.9740 - 1.0040 0.90
6 4 0.2 1.4 3.6 0.1 0.3585 0.440 - 0.695 0.9340 - 1.0040 0.50
7 4 0.2 1.76 6.24 0.1 0.577 0.753 - 2.870 0.9820 - 1.0020 0.97
8 6 0.2 0.976 7.024 0.1 1.29 1.215 - 4.008 0.990 - 1.0010 1.7105
9 8 0.2 | 0.91428 | 7.0857 0.1 1.8450 1.54 - 35 (1.3 THz) | 0.9780 - 1.0160 2.3
10| 4 0.2 2.933 7.2 0.1 0.92 - 2.24 (1.5 THz) 0.90 - 1.0400 1.22
Inclusion of 1 um thick Electrode Frame
1] 47027 14 [ 36 | 05 ] 0.359 | 0.637 - 1.334 [ 0.9960 - 1.0300 | 0.76
Fish-Bone Interdigitated Electrode Structure
12] 4 102 ] 2933 [ 72 | 01 ] [ 0.63-1.36 (1.5THz) | 0.98-1.0040 [ 08I
Gap Capacitance of 25 pum? Active Area
13 ] - |  0.1428 - 0.2086 | 0.9980 - 1.1540 | 0.18

capacitance determination of IDE geometry is presented. The
premise of the proposed approach is provided by a standard -
equivalent circuit for a two-port CPW series gap. CST model
of CPW IDE geometry is delineated in Fig. 2. 77 and T%»
represent the reference planes of a two-port interdigitated
electrode geometry.

The proposed circuit model of CPW interdigitated electrode
geometry is also shown in Fig. 2, for which a pure capacitive
m-network is considered. Interdigitated electrode capacitance
Celec depends on the size and number of electrode fingers
geometry. The parasitic capacitances C},1 and Cpo of CPW
interdigitated electrode geometry are independent of the size
and number of electrode fingers and they can be minimized
by varying the location of ground planes [8].

As interdigitated electrode capacitance Ceje. is of prime
interest for tuning purposes, it can be determined from the Y-
parameters as Cojec 71’"#{;/12}. The use of this approach
makes the calculation of interdigitated electrode capacitance
Ceiec independent of any structural geometry between the two
reference planes 77 and T5. Moreover, additional capacitance
due to interdigitated electrode frames can also be incorporated
by recalculating the S-parameters and modelling them into
parasitic capacitances. A number of CPW IDE geometries
have been simulated in CST MicroWave Studio by varying
number of fingers Ny, finger-width Wy, gap-width W, finger-
length Ly and metallization thickness ¢. The comparison of
capacitance is provided in Table I.

III. DESIGN OF A DUAL-SLOT ANTENNA

The systematic design procedure of a dual-slot antenna
is presented in this section. The dual-slot antenna placed
on a silicon substrate lens for avoidance of the excitation
of substrate modes, is designed. The relative permittivity of
silicon has been used in the calculations, since the printing of
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Fig. 2. CST model of an IDE photomixer and proposed pure capacitive
m-network

antenna structure is done on GaAs substrate, which has a much
smaller thickness as compared to semi-infinite silicon lens.
Reference [9] shows an equivalent-circuit model of a dual-
slot antenna, integrated with a photomixer and a choke filter.
A coplanar waveguide is used as the connecting transmission
line, and bias is applied across the electrodes. The slots are
connected in series, making the input impedance twice that
of a single-slot arm. The Smith chart has been used as a
starting point for the design of a dual-slot antenna, followed
by exhaustive simulations in CST MicroWave Studio software.
The metallization thickness and mutual coupling have also

1
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been incorporated in the design, which were absent in the
previous design approaches [9]. Table II tabulates the initial
design values of a dual-slot antenna integrated with an IDE
photomixer.

A. Smith Chart Design Procedure

An admittance Smith chart has been used to calculate
the length of CPW, connecting the IDE photomixer and a
slot arm, for tuning out the electrode capacitance. Figure 3
delineates the following steps, used for determination of CPW
connecting-line length L,,.

o Normalization of single-slot antenna admittance with
respect to Z,,, (shown as point A in the Smith chart).

o Determination of C¢j.. using the proposed approach in
Section II (shown as point B in the Smith chart).

o Normalization of electrode susceptance with respect to
Zepw, 1., belect = Jj2mfCeiect Zepw Wwhich leads to
bgoal = —j2beiect (shown as point C in the Smith chart).

o Drawing of a constant refection coefficient circle, con-
necting ¥siot and bgoq;, yielding the transformed admit-
tance Y¢rqns and the CPW connecting-line length (shown
as line D in the Smith Chart).

o Determination of radiation resistance R,,q (assuming
radiation efficiency e,qq = 1), i.e., Ryqq = 1/(%)

TABLE II
CALCULATED VALUES FOR THE DUAL-SLOT ANTENNA DESIGN

Parameter Value Calculation
operating frequency f 1 THz
metallization thickness ¢ 0.1 pym
relative permittivity of Si e, 11.9
free-space wavelength A, 300 pm Xo=c/f
mean wavelength A, 120 pm Am = E)‘:ff
coplanar waveguide (CPW)
centre conductor strip S 1 pm
gap-width W 6 um
characteristic impedance Zcpw | 89 [10]
Efft. dielectric constant €cy 6.25 [10]
IDE capacitance Cejec 0.60 fF Section 11
length of a slot antenna Lo+ 103 pm [11]
width of a slot antenna W, 1 pm [11]
input impedance 15Q [11], [12]
after mutual coupling Z;y, 16.66 Q
CPW connecting-line Lcon 17.76 pm | Smith chart
radiation resistance R,.q 570 Q Smith chart

B. CST MicroWave Studio Simulations

The exhaustive design simulations of a dual-slot antenna
have been carried out in CST MWS using both PEC and
lossy gold metal. The detailed design procedure and problems
encountered during simulations with remedial solutions are
mentioned in [13]. A parameterized model of a dual-slot
antenna on a silicon substrate lens has been constructed in
CST MWS software, as shown in Fig. 4. Transient solver
with a frequency sweep from 0 to 2 THz has been used for
simulation purposes. In order to enable a transient calculation,
a discrete port is defined as the excitation source, feeding the

Fig. 3. Smith chart design procedure

dual slot antenna. The interdigitated electrode capacitance has
been modelled as a lumped capacitor element.

Discrete Port Discrete Port

Coplanar
‘Waveguide ( CPW)

Dual-Slot
Antenna

S~

Gold Silicon Lens

S=1pm

Fig. 4. CST model of a dual-slot antenna on a silicon substrate lens with a
lumped capacitor

The initial design values are taken from Table II. The length
of CPW connecting-line has been optimized for increased
directivity and radiation efficiency of a dual-slot antenna,
using CST MicroWave Studio software. The far-field patterns
are plotted for a structure consisting of a dual-slot antenna
on a substrate lens having lossy gold metallization thickness
of 0.1 um, with a lumped capacitor element of 0.60 fF, as
shown in Fig. 5. The far-field pattern for 1.01 THz shows a
maximum radiation for 6 (theta) = —180° (into the silicon
substrate lens). The radiation efficiency is found to be 81%
with a directivity value of 11.47 dBi. The radiation efficiency
is 100%, incase of a PEC metal. The E-plane and H-plane
patterns are symmetrical with low side-lobe values, i.e. SLL
=-13.1 dB.

IV. THZ EMITTER - SIMULATION RESULTS

The use of a proper biasing scheme plays a pivotal role
in determining the overall efficiency of a THz emitter. THz
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Farfield *farficld (f=1.01) [1]' Directivity_Abs(Theta)

Frequency =10
Main lobe magnitude = 11.5 dBi |3
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Fig. 5. E-plane and H-plane patterns of a dual-slot antenna on a silicon
substrate lens with a lumped capacitor of 0.60 fF

leakage down the bias line can be minimized using different
choke filters. This section gives an overview of different THz
choke filter schemes along with the effect of each approach on
the radiation pattern of a THz emitter comprising a dual-slot
antenna, interdigitated electrode capacitor and the choke filter.

A. Quarter-Wave Choke Filter

A quarter-wave choke is a stepped-impedance filter, consist-
ing of high- and low-impedance sections. The length of each
high- and low-impedance section corresponds to A, /4. The
choke filter is employed to present a ‘short circuit’ for the
THz current at the interface with the radiating slot.

The radiation efficiency observed using a quarter-choke
filter is 41%, owing to high radiation losses, thereby implying
the inherent disadvantage of using this approach. The E-plane
and H-plane patterns preserve symmetry due to the fully
symmetrical structure. The low side-lobe levels of -15.1 dB
and -13.5 dB for E-plane and H-plane, respectively with a
directivity of 10.9 dBi are observed.

B. Single CPW Radial Stub

The principle of a single CPW radial stub can be best
understood from Fig. 6. THz signal can be prevented from
escaping through the DC network by the use of a \,,,/4 or
3Am /4 transmission line, in conjunction with a A,,/4 radial
stub. THz short circuit is created at the point, where )\, /4
radial stub is attached to the transmission line. THz signal
experiences very low impedance (virtual ground) at this point.
The connection of this known low impedance to a A, /4 or
3Am /4 transmission line results in the generation of a THz
signal high impedance (open circuit) point, at the opposite
end of the transmission line, as delineated in Fig. 6.

A much better radiation efficiency of 78%, in comparison
with a quarter-choke filter, has been observed. However, an
asymmetrical pattern of the H-plane has been noticed, pri-
marily due to the asymmetrical nature of the structure. The
H-plane pattern is tilted at an angle of 165°.

C. 3-Fan CPW Radial Stub

A 3-fan CPW radial stub is shown in Fig. 7. The central
stub of a 3-fan CPW radial stub scheme acts as a DC bias
pad.

100 pm

High THz
Impedance

Low THz

DC Bias Pad
Impedance

Fig. 6. Principle of a single CPW radial stub

3 - Fan Radial Stub

DC Bias Pad

Fig. 7. 3-fan CPW radial stub

A radiation efficiency of 62% with a directivity of 10.5
dBi has been observed. The relatively decreased radiation
efficiency can be ascribed to the complex structural geometry
of a 3-fan CPW radial stub. The patterns of E-plane and
H-plane are symmetrical due to symmetrical nature of the
structure. The SLL are noted to be -6.3 dB and -8.3 dB for
the E-plane and H-plane pattern, respectively. The 3-fan CPW
radial stub has been simulated by keeping the central radial
stub angle of 60°. The angles of stubs 2 & 3 are varied at 45°
and 30° for two different simulations. The structure of 3-fan
CPW radial stub is hard to parameterize, due to difficulty of
definition of a parametric polygon in CST MWS. However, a
parameterized CPW transmission line attached with the radial
stub and an excited waveguide port has been used to determine
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Farficld *farficld (=0.97) [1]* Directivity_Abs(Theta)

Frequency =0.97 \

Main lobe magnitude = 10.5 dBi |5 ™.
Main lobe direction = 180.0 deg.
Angular width (3 dB) = 26.5 deg.
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150~ __|
180
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Frequency =0.97
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Fig. 8. E-plane and H-plane patterns of a dual-slot antenna on a silicon
substrate lens with a lumped capacitor of 0.9745 fF and a 3-fan CPW radial
stub

the input impedance of a 3-fan CPW radial stub. The input
impedance, incase of a lossy gold metal, as seen from the
reference plane A-A’(shown in Fig. 7) is determined to be 10
) with a small imaginary part of impedance. Ideally, the input
impedance should be 0 2. However, the input impedance of
2-3 ) can be achieved by the variation of angles and radius
of the three radial stubs.

V. CONCLUSIONS

The detailed design presented in this thesis can be scaled
up for frequencies greater than 1 THz. An approach for
determination of CPW interdigitated electrode capacitance
is presented. The design of a resonant dual-slot antenna is
desirable because of its symmetrical patterns, increased radi-
ation resistance and provision of tuning out the interdigitated
electrode capacitance, which results in increased THz output
power at a desired operating frequency. The 3-fan CPW
radial stub has a potential of providing better performance
but its optimization in terms of input impedance close to
0 €, still needs to be investigated. The use of wider CPW
connecting-line between slot antenna and choke filter can
remove discrepancy in H-plane pattern by physically shorting
the current at the interface of radiation slot. The incorporation
of air bridges can ensure the same ground plane level for
proper mode propagation. It is expected that an improved heat
sinking together with a resonant dual-slot antenna and a 3-fan
CPW radial stub scheme can significantly increase the THz
output power of LT GaAs interdigitated electrode photomixer
at a desired frequency. The study in this paper is based on 3-
D EM simulation. The fabrication of the emitter followed by
measurements will enable determination of THz output power

and realizable bandwidth around the centre frequency of 1
THz.
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