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Abstract; This paper proposed a method, namely resistively loaded lines (RLL) , to compensate the effects of the

DC bias lines after investigating its effects on several types of antennas for terahertz photomixers. The RLL is

formed by placing lumped resistances periodically on the DC bias line in order to cease the leakage current virtual-

ly, which cause a significant amount of distortion on the antenna performance. The simulation results of the dipole,

folded dipole, log-periodic, and spiral antennas show that RLL almost removes the effects of the bias lines and im-

proves the antenna radiation resistance and radiation pattern notably compared with that of the commonly used bias

line types, such as coplanar stripline and photonic bandgap type bias lines.
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Introduction

Terahertz technology has recently attracted considerable atten-
tion due to its potential applications on a variety of fields, examples
of which are medical imaging, security, wireless communication,
and material spectroscopy"'®!. Although a great deal of effort has
been spent on developing several different components for terahertz
systems, the main concentration is focused on the terahertz sources
and detectors™ | the development of which is still the most im-
portant challenge in this field. Photomixing is one of the most com-
monly used techniques for continuous-wave terahertz generation or
detection'**®) | where two laser beams that have close frequencies
excite an active semiconductor area, and the excited signal is fed
into an integrated antenna. A DC voltage is needed for the opera-
tion of the photomixer, which is typically supplied using DC bias
lines that are connected to the antenna terminals. The effects of
these DC bias lines are investigated in detail in""; however, they
are still mostly neglected although they have a significant effect on
the radiation performance of the photomixer antenna as the dimen-
sions of the bias line are generally much larger compared with the
dimensions of the antenna itself""" ¢ 1,

One of the most popular, and easy to design, bias line type is
coplanar stripline (CPS) ™. They are basically composed of two
thin metal lines, which actually behave as a high impedance trans-
mission line between the DC supply and photomixer antenna. The
dimensions of CPS are most of the time comparatively larger than
the antenna; in addition to that, they are directly connected to the
antenna itself, which results in a considerable amount of current
leakage to the CPS, causing a significant distortion on the radiation
pattern and input impedance, and a considerable loss of generated
or detected power.

A better alternative for bias lines is using photonic bandgap
type structures ). Photonic bandgap structures ( PBG) are de-
signed as low-pass/high-pass filters that are formed using high and
low impedance CPS sections. Although the PBG bias lines are also
connected directly to the photomixer antenna just as the CPS bias

Received date: 2014 - 08 - 15, revised date: 2015 - 04 - 16

lines, the current leakage from the antenna can be reduced to a
certain extent by a proper design; however, they still cause an im-
portant malformation on the current distribution, and hence, the ra-
diation pattern of the antenna is distorted drastically. Moreover, the
radiated power decreases due to the leakage current running on the
long bias lines. As a result, these two types of bias lines affect the
antenna radiation pattern and input impedance notably, they de-
crease the antenna efficiency; hence, a better solution is needed.

In this paper, a new type of bias line, namely resistively load-
ed line (RLL) , was proposed for the biasing of the photomixer an-
tennas, where the conventional CPS bias line is delimited by a set
of periodically placed lumped resistances. The lumped resistances
were formed using a resistive thin film that has a high and adjusta-
ble resistivity, such as silicon chromium (SiCr) or tantalum nitride
(TaN), which makes it possible to adjust the resistance level spe-
cifically for each design. Different types of photomixer antennas
with the CPS, PBG, and RLL bias lines have been designed in or-
der to compare the effects of all three types of bias lines. The simu-
lation results show that when RLL bias line is used, the photomixer
antenna performance is recovered and becomes almost the same as
that of the antenna without any bias lines. Moreover, using the
RLL bias line improves the radiation resistance and radiation pat-
tern of the antenna compared with the case where the CPS and PBG
bias lines are used.

1 Bias line types

Figure 1 shows the layout of a generic photomixer antenna and
a photograph of an example photomixer antenna* | both of which
basically consists of an antenna, bias lines, and probe pads. Dif-
ferent types of bias lines were employed in the literature in order to
carry the required DC voltage to the antenna'"*?" % %) However,
in all of these solutions, it was observed that the dimensions of the
bias lines are much larger compared with the dimensions of the an-
tenna (Fig. 1(b) ), which is expected to cause a considerable dis-
tortion on the antenna performance.

Different types of bias lines are first analyzed as two-port net-
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works in order to investigate the amount of leakage on the bias
lines, and hence, to see how significantly the antenna performance
would be affected. The configuration of three types of bias lines can
be seen in Fig. 2. The bias lines were first analytically designed u-
sing closed form equations'™ *'! | and then, simulated using a full-
wave electromagnetic solver, HFSS'’. During the simulations, all
bias lines are terminated with open-circuited terminations. Here,
this type of termination is used on purpose instead of a short-circui-
ted termination in order not to exaggerate the loading effect.

The first type of bias line is the direct connection to the anten-
na, which actually forms a transmission line and is known in the
literature as coplanar stripline (CPS) (Fig. 2(a) ). The HFSS
simulation results of a CPS bias line are presented in Fig. 3(a),
and it shows a typical transmission line behavior with a high magni-
tude of transmission coefficient, |S,, |, forming a direct path be-
tween the probe pads and antenna. In addition to that, the bias
lines behave as a part of the antenna and contribute to the radiation
because of the strong terahertz current leakage on the bias lines.
The photonic band gap (PBG) bias lines are used as a better alter-
native to the CPS bias lines, which are shown in Fig. 2(b). The
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Figure 2 The DC bias lines types; (a) CPS, (b) PBG,

(¢) RLL

PBG bias lines are designed as a low-pass filter™®! to avoid the di-
rect path between the probe pads and antenna. An example per-
formance of a PBG bias line is given in Fig. 3(b). Here, the PBG
bias line is designed to have a corner frequency that is fairly lower
than 400 GHz, so that it provides a good isolation around 400
GHz. Although the performance is better compared with the CPS
bias lines above the cut-off frequency, the PBG bias lines occupy a
large metal area, which drastically loads the antenna. Moreover,
the PBG bias lines are still not sufficient for wide band applica-
tions, since the cut-off frequency of the PBG bias line must be se-
lected at a low frequency, causing the PBG bias line dimensions to
grow extensively. Using CPS and PBG bias lines also bring addi-
tional losses and decrease antenna efficiency as the leakage current
towards the bias lines do not contribute to the radiation and lost as
resistive loss on the bias lines.

Figure 2(¢) presents the proposed resistively loaded
line (RLL) type bias line. The proposed idea was previ-
ously introduced for MEMS reconfigurable antennas work-
ing in the microwave and millimeter-wave frequen-
cies'™®) . The RLL is formed by periodically placing
thin-film, lumped resistors on the CPS bias line, forming
a distributed structure. In this case, the CPS bias line
length is divided into much smaller lengths that become
much shorter than the wavelength in the band of interest
so that they do not load the antenna. In addition to that,
the RLL prevents the current leakage on the bias lines
and guarantees the isolation between the probe pads and
antenna in a wide frequency band, which is shown in
Fig. 3(c). Therefore, the distortion on the antenna radi-
ation characteristics is expected to be minimized when the
RLL bias lines are used.

For all of the three types of bias lines, whose per-
formances are presented in Fig. 3, the design target is to
minimize the coupling of the generated terahertz signal to
the other end of the bias lines as much as possible, and
the targeted antenna has a center frequency of 400 GHz.
So, all three types of bias lines were optimized to get the
minimum leakage currents, and the performances should
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be compared considering how much and in what band-
width the leakage current is suppressed.

The lumped resistances of the RLL lines were imple-
mented as thin-film SiCr or TaN resistors. The conductiv-
ity of these layers can be tuned so that the lumped resist-
ance can be easily adjusted in 100 Q-100 k) range.
During this study, the lumped resistances are selected
starting from 1 k{}, as resistance values less than 1 k()
did not provide good isolation. Although resistance values
up to 30 k) are applied for different types of antennas, a
resistance level of a few k() is sufficient to provide good
isolation and recover the original antenna performance
(without any bias lines) for most of the cases. The loss
introduced by the RLL in Fig.2(¢) is less than 10% up
to 750 GHz for a resistance value of 5 k{}, and it can be
reduced to less than 2% by decreasing the periodicity, e.
The price paid here will be the increase in the total DC
resistance of the RLL.

The only drawback of using RLL bias lines for the
photomixer antennas is that the applied DC voltage nee-
ded for the operation of the photomixer antenna is in-
creased. This is because the RLL adds series resistances
between the probe pads and antenna. Typically, the total
resistance is in the order of 5 k{}-t0-30 k(). Considering
that DC photoconductance of the photomixers is in the or-
der of (10 kQ) "™ the bias voltage should be roughly
increased by 1/2 to 3 times of its original value. The
reader should remember here that, the effective DC volt-
age seen by antenna remains unchanged, and hence, the
operation of the antenna is not affected by the addition of
the RLL bias lines. There may also be a slight increase in
the noise figure of the photomixer due to the resistors of
the RLL, which can be minimized by the proper design of
the RLL and antenna.
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Figure 3 Two-port simulation results for the different types of
bias lines (a) CPS, (b) PBG, and (c) RLL

2 Application to photomixer antennas

Different types of antennas were investigated in order
to test the improvement that is offered by the RLL bias
lines. These antennas include the most commonly used

photomixer antennas types such as dipole ™" | folded di-
pole'® | log periodic ™) | and spiral antennas[35'36]. The
antennas were first theoretically designed'*’, and then,
verified using HFSS. The excitation of the antennas were
obtained using current sources to draw an analogy for the
optical excitation, and Perfectly Matched Layer ( PML)
boundary conditions were used in order to exclude the
edge effects that are caused by the edges of the semicon-
ductor substrate. Other types of boundary conditions were
also tested, but it was observed that the original antenna
performance , which is the critical checkpoint for this stud-
y, is suppressed by the edge effects in this case. The met-
al parts of the antennas were implemented as perfect elec-
tric conductors ( PECs) without any thickness in order to
see the effects of the lumped resistances of RLL bias lines
on the antenna efficiency more clearly. After the antennas
were designed without the presence of any bias lines, each
of the aforementioned bias lines was connected to the de-
signed antenna to investigate their effects on the perform-
ance of the antenna.
2.1 Dipole antenna

A A-long dipole antenna operating at a center fre-
quency of 400 GHz is designed as the first test structure,
which is shown in Fig. 4(a). The design parameters of
the dipole antenna and bias lines are given in Table 1.
The simulation results for the antenna with different types
of bias lines are shown in Fig. 4(b) and Fig. 4(c). It
is seen from the simulation results that the CPS and PBG
bias lines change the antenna impedance and operation
frequency, whereas RLL bias line keeps the operation
frequency almost the same as the original antenna. It was
also observed that the RLL bias line hardly affects the ra-
diation pattern while the former two types distort the radi-
ation pattern. This behavior can be more clearly under-
stood once the current distributions are examined for all
cases, which is presented in Fig. 5. Once the CPS bias
line is used, a considerable amount of current leakage is
noted on the bias lines; moreover, a standing wave pat-
tern is clearly observed as expected, proving the trans-
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Figure 4 (a) The layout of the designed dipole antenna (b)-
(¢) The simulation results for the dipole antenna: (b) real part
of the input impedance, (c) directivity (at 398.5 GHz)
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mission line behavior (Fig. 5(a) ). Although the amount
of current leakage on the bias line decreases when the
PBG bias line is used (Fig. 5(b) ), it still has a notable
effect on antenna radiation pattern (Fig. 4(c¢) ). On the
other hand, the intensity of current leakage on the bias
lines are reduced extensively when the RLL bias line is
selected, and therefore, having the closest input imped-
ance and radiation pattern performance compared with
that of the no bias line scenario is explained.
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Figure 5 The current distributions for the dipole antenna at
398.5 GHz with different types of bias lines: (a) CPS, (b)
PBG, (c¢) RLL

It should also be underlined here that, although not
covered within the frame of this study, a significant a-
mount of efficiency drop is expected due to the finite con-
ductivity of the metals used in practical photomixer anten-
nas, which is caused by the leakage currents on the thin,
narrow, and long bias lines. So, the prevention of the
leakage current is critical and expected to improve the an-
tenna efficiency drastically. The effects of the RLL bias
lines on the antenna efficiency are discussed in the fol-
lowing sections.

Table 1 The design parameters of the dipole antenna

Antenna and substrate parameters Bias line parameters

Value Value Value Value
Parameter Parameter Parameter Parameter
pm) (pm) (pm) (pm)
d, 114.5 X 600 a 1 d 60
d, 232 y 400 b 70 e 70
dy 3 c 2 r 1

Table 2 The design parameters of the folded dipole antenna

Antenna and substrate parameters Bias line parameters

Value Value Value Value
Parameter Parameter Parameter Parameter
(pm) (pm) (pm) (pm)
fi 28.5 X 600 a 1 d 20
f 58 y 400 b 70 e 70
f 15 c 1 r 1

2.2 Folded dipole antenna
Folded dipole antennas were also employed as photo-
mixer antennas due to their nature of having high radia-
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Figure 6 (a) The layout of the designed dipole antenna (b)-
(¢) The simulation results for the folded dipole antenna: (b)
real part of the input impedance, (c) directivity (at 399 GHz)

tion resistance. For this purpose, a folded dipole antenna
was designed at 400 GHz (Fig. 6(a)), where the de-
sign parameters and results can be found in Table 2 and
Figure 6, respectively. It is seen that the CPS and PBG
bias lines reduce the radiation resistance considerably,
shift the operating frequency, and narrow the bandwidth
of the antenna (Fig. 6(b)). On the other hand, the
RLL bias line causes a much lower radiation resistance
drop and operating frequency shift, and the bandwidth of
the antenna stays almost the same. Additionally, the CPS
and PBG bias lines distract the radiation pattern of the
antenna (Fig. 6(c¢)) due to the considerable amount of
the current leakage on the bias lines, while the RLL bias
line shows quite similar behavior with the radiation pat-
tern of original antenna, since the leakage current is
blocked by lumped resistances.
2.3 Log periodic antenna

In order to investigate the RLL bias line performance
in broadband antennas, a log periodic antenna was de-
signed (Fig. 7(a)) to operate in 400-700 GHz frequen-
cy band with the parameters given in Table 3. Consider-
ing the simulations results in Fig. 7, one can observe that
using the CPS and PBG bias lines distort the antenna
characteristics. The resonance frequencies are shifted and
the radiation resistances are reduced significantly, espe-
cially for the third resonance around 670 GHz. The radia-
tion patterns are also affected, which can be seen in Fig.
7(c) as an example. A strong leakage current can be ob-
served for the CPS and PBG bias line cases and almost no
leakage current is observed for the RLL bias line case.
2.4 Spiral antenna

A high radiation resistance spiral antenna was de-
signed as the final test structure with a center frequency of
470 GHz, which is shown in Fig. 8(a). The antenna is
simulated using the same setup defined previously, and
the design parameters are given in Table 4. The simulation
results Fig. 8(b) show that the antenna has an input im-
pedance of 2 337 Q) at 468 GHz when no bias lines are

connected. It is clearly observed from the simulation re-
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sults that the input impedance, hence, the radiation re-
sistance, is severely reduced in case of using the CPS and
PBG bias lines. The input impedance for the CPS and
PBG bias line cases are 279 ) and 174 ) (both simulated
at 492 GHz), respectively. Alternatively, the RLL bias
line results in an input impedance of 1 776 (), which is 6
times and 10 times better than that of the CPS and PBG
bias lines, respectively; moreover, it keeps the operating
frequency at almost same value compared with the original
antenna with no bias lines. It is seen from the simulations
results that the CPS and PBG bias lines have a significant
intensity of current leakage into the bias lines, and as a
result, the radiation patterns of the antennas with these bi-
as lines have considerable changes (Fig. 8(c)). On the
other hand, the current leakage into bias line is minimized
when the RLL bias line is used, and the radiation pattern
remains almost the same compared with the original anten-
na with no bias lines.

Table 3 The design parameters of the log periodic antenna

Antenna and substrate parameters Bias line parameters

Value Value Value Value
Parameter Parameter Parameter Parameter
(pm) (pm) (pm) (pm)
R 47 6 30 a 2 d 62
X 600 B 60 b 42.5 e 42.5
y 400 c 1.5 r 2

Table 4 The design parameters of the spiral antenna

Antenna and substrate parameters Bias line parameters

Value Value Value Value
Parameter Parameter Parameter Parameter
(pm) (pm) (pm) (pm)
N 44 X 500 a 2 d 165
Offset ang. 90 y 500 b 62 e 60
c 1 r 2

2.5 The effects on radiation efficiency

It is expected that the lumped resistances used in the
RLLs affect the radiation efficiency of the antenna. As
mentioned previously, the antenna metals were modeled
as PECs in order to see the effects of the RLLs clearly on
the antenna efficiency. It is observed from the simulation
results of the four antennas that the radiation efficiency is
reduced at most 2% when RLL bias lines are employed,
and the radiation efficiency can be increased further by
increasing the value of the lumped resistances. The
lumped resistance values used range from 5 k)-to-30
k€, and increasing the value of the resistance does not
affect the voltage seen by the antenna, which means that
the operation of the antenna remains unaffected. It should
also be underlined once more here that the current distri-
butions on all four types of antennas show similar behav-
ior where a significant amount of leakage current is pres-
ent for CPS and PBG bias lines and the usage of the
lumped resistances in RLL bias lines effectively blocks
the leakage current. This is an important result because
the leakage currents on the thin, narrow, and long bias
lines is expected to cause a considerable amount of resis-
tive power loss, which will decrease the antenna efficien-
cy notably. So, the authors believe that using RLLs
should improve the overall antenna efficiency, and
hence, the antenna performance considerably.
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Figure 7 (a) The layout of the designed log periodic antenna
(b)-(c) The simulation results for the folded dipole antenna: (b)
real part of the input impedance, (c) directivity (at 558 GHz)
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Figure 8 (a) The layout of the designed spiral antenna
(b)-(c) The simulation results for the folded dipole an-
tenna; (b) real part of the input impedance, (c) directiv-
ity (at 468 GHz)

3 Conclusion

In this study, the effects of the DC bias lines on the
performance of the photomixer antennas were investiga-
ted, and the RLL bias line is proposed as a new solution
for decreasing the effects of the DC bias lines and impro-
ving the antenna performance. Four types of commonly
used antenna structures were examined. It is observed
that using the RLL bias line improves the radiation resist-
ance and radiation pattern characteristics compared with
the CPS and PBG bias line cases; moreover, the antenna
performances become very close to the original case where
no bias lines are used. It is also observed that the anten-
na efficiency remains almost unchanged with the applica-
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tion of the RLL bias lines; in addition to that, the overall
antenna efficiency is expected to improve notably due to
the diminishing of the leakage currents on the bias lines.

The application of the RLLs can also be extended to
different types of antennas such as plasmonic or metama-
terial type terahertz antennas'”"™! | and it can be possible
to make these types of antennas reconfigurable. Further-
more, with the development of novel, electrically tunable
resistivity materials, it can also be possible to make PCAs
or photomixer antennas reconfigurable by changing the
RLL resistance values, and therefore, changing the RLL
impedance seen by the antenna.
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