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Numerical analysis of high radiation intensity dipole
antenna arrays with terahertz chokes
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Abstract: To improve terahertz ( THz) radiation intensity, the dipole antenna arrays with THz chokes on a thin
LT-GaAs film are designed. The output radiation of the proposed linear array can be linearly enhanced by increas-
ing the number of elements, while the average matching efficiency is changed insignificantly. The AC component
flowing into the coplanar strip line ( CPS) is limited by THz chokes which leads to a more stable resonant frequen-
cy, and the average matching efficiency is twice that of an array without chokes. We find the staggered array has a
narrower emission spectrum than the gridding one due to the coupling of adjacent elements in the vertical direction.
By designing the array on a polyimide lens instead of a silicon lens, a high input resistance can be obtained, and
the total efficiency is raised from 25% to 35% .
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Introduction

Terahertz (THz) technologies have shown remarka-
ble development in recent years, and its applications
have been proposed for biochemical tests, imaging and

. [13] . .. . .
securlty systems . High emission intensity terahertz
sources play an important role in these applications.
With their advantages of room temperature operation,
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wide tuning range and compactness, THz photomixers are
considered as one of the most promising THz sources 7.
A typical THz photomixer is composed of a planar anten-
na integrated on a dielectric lens, which couples THz ra-
diation into free space. A photomixer on a semiconductor
substrate usually have a resistance above 10 k), while
the input resistance of the antenna is much lower than 10
kQ, which leads to a serious impedance mismatch"®"".
Thus, the impedance matching between photomixer and
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antenna become one of the key factors in improving the
intensity of the THz radiation. Yang et al. investigated a
logarithmic periodic antenna and got an input resistance
of 1 kQ at 72 GHz'"'. Nguyen and Ying designed anten-
nas on the GaAs film, and they got the input resistance
at 3 ~4 kQ by reducing the effective permittivity *''"/.
However, a single terahertz antenna is susceptible to
space electric field shielding caused by space charge and
radiation field from high excitation densities of la-
sers' ™! Therefore, we report here a scheme of dipole
antenna arrays which simultaneously provide high input
resistance and high average matching efficiency, and
thus improve the total efficiency of converting the THz
photocurrent into the THz radiation.

In this paper, we use a commercial software Com-
puter Simulation Technology ( CST) Microwave Studio
package to investigate performance of THz photomixer ar-
rays. In Sect. 1, we propose the design of the antenna
array. In Sect. 2, we discuss the effects of the arrays’
structure, parameters and arrangement on the input re-
sistance and matching efficiency of the THz photomixer.
In Sect. 3, we compare the radiation pattern of antenna
array on both silicon and polyimide tended hemispherical
lens. By comparing the interference field of THz arrays
on polyimide and silicon lens respectively, we demon-
strate the superiority of the antenna array on the polyim-
ide lens with THz chokes in transferring THz photocur-
rent into a radiated THz wave in Sect. 4.

1 Dipole antenna array structure

A dipole antenna with THz chokes has higher input
resistance in Ref. [10], but it has a size of 230 um X
1200 pm for owning many THz chokes. It is too large to
form an array. So, we reduce the amount of THz chokes
and share the coplanar strip line (CPS) when designing
the array. The geometry of a three-element linear array is
shown in Fig. 1, and its parameters are shown in Table
1. As the basic element, the dipole antenna transfers
photocurrent into linear polarized THz radiation. The la-
bel P1, P2 and P3 represent the gaps of dipole antennas
which are illuminated by laser beams. A THz choke with
a width of B is located between two adjacent elements,
which can dampen the AC component propagating along
the CPS and increase the input resistance at resonance
frequency'®'"""*!. Between the DC bias sources and the
elements at the edge, there are more than three THz
chokes with a distance of F. The CPS with a width of e
and a length of 2L =1900 pm provides theDC bias for
the dipole antennas. In simulation, three discrete S-pa-
rameter ports are used to excite above gaps with signals
in phase. The impedance of each of the three ports is set
to 10 kQ), respectively. In order to match practical situa-
tions, we use Gaussian-shape pulse signals to find the
resonant frequency, and then, the CW sinusoidal signals
in the resonant frequency is selected to excite the radia-
tion field.

The antenna array is made of a 0.5 pm-thick Au
film, which has a conductivity of 1.6 x 10" S/m. Below
the Au film, there is a cylinder LT-GaAs (g,,, =12.9)
substrate with a radius of R =1000 pwm and a thickness
of d. Because the input resistance has a negative correla-

tion with substrate’ s effective permittivity /&, a5 pm

thick substrate is chosen to get a higher input resist-
[8-11]

ance

Fig.1 Geometry of a three-element linear array
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Table 1 Design parameters of the antenna array

F1 XEHIINSHRT
Parameter A B c t F M e w g
Value/pm 30 30 2 16 30 30 2 2 5

2 Results and analysis

2.1 The linear array

We analyze the input resistance of linear array along
the x axis. Figure.2 shows the impedance characteristics
of the three-element linear array. The resonant frequency
is found at 0. 926 THz, with the imaginary parts of im-
pedance tend to zero and the real parts reach to the
peak. Since the antenna structure is symmetrical , the in-
put resistance of the P1 and P3 can be considered com-
plete equal. The input resistance of the P2 is 1.6 times
higher than that of the P1. Figure 3 illustrates the change
of input resistance with the increasing of antenna number
n from 1 to 4. We find the increment of the number of el-
ements leads to a little shift of resonance frequency.
Compared with a single antenna, the input resistances of
the elements in the middle of linear array increase, while
those at the edges of the linear array decrease. Because
the element in different location has different input resist-
ance, it is difficult to evaluate the array’ s characters u-
sing series of value. For simplicity, we use the average
matching efficiency (7,) at resonant frequency to char-
acterize the performance of the n-element array. The
matching efficiency of a single antenna is given by'*’

Z, -7, ,

R eS
where Z, is the input resistance of the antenna; Z is set
to 10 kQ which represents the impedance of the photo-
mixer. The average matching efficiency of n-element ar-
ray can be expressed as:

_ 1 n
M= D - (2

We calculated the matching efficiency of every ele-
ment in an n-elements array, then calculated their aver-
age value. The average matching efficiencies of the linear
arrays with n from 1 to 4 are n, =77.3% , 1, =72.6% ,
17, =74.9% , and n, =73.4% , respectively. It shows
that the number of elements has only a little influence on
the average matching efficiency in the linear array. We
can improve the output radiation by simply increasing the
number of elements.
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In order to study the effect of THz chokes in a linear
array , we compare the difference between the linear array
with and without THz choke. Based on Fig. 1, we re-
move all THz chokes and get a traditional linear array.
The resonant frequency of the linear array without THz
choke rise to 1. 16 THz without changing other parame-
ters. To make the resonant frequency of these two differ-
ent arrays closer, the parameter M of linear array without
THz choke is alter from 30 wm to 65 wm. Table 2 lists
the average matching efficiency and resonant frequency of
two different linear arrays. It is found that the average
matching efficiency of the linear array with THz choke is
twice more than that of the linear array without THz
choke. And even the number of elements of linear array
increase to 9, the the average matching efficiency still o-
ver 72% . This confirms the former conclusion about the
relationship between n and 7,. The resonant frequency of
the former array increases with the number of element,
while the latter one is not regular. This difference is due
to the fact that the addition of THz choke restricts the AC
component in space, and the current distribution be-
comes more cyclical, thus leads to a more stable resonant
frequency. Figure 4 explains the surface current distribu-
tion of three-element linear array at the resonant frequen-
cy. It is clear that the surface current is limited by the
THz choke, and almost no transmission along the CPS.
Although the elements in a linear array share the same
CPS, they have little influence on each other.
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Fig.2 Input resistance of three-element linear array
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Table 2  Average matching efficiency 5, and resonant fre-
quency of linear array with THz chokes and with-
out THz chokes while n from 3 to 9
®2 BETEMN3~9 B, THz R B0 THz 47 B B 4
P B < 47 L B2 350 2R A0 AL AR ST R
with THz choke

without THz choke

n — Resonant — Resonant

T frequency M frequency
3 74.9% 0.898 THz 29.4% 0.929 THz
4 73.4% 0.902 THz 30.7% 0.928 THz
5 72.0% 0.906 THz 30.6% 0.931 THz
6 72.1% 0.908 THz 30.6% 0.916 THz
7 72.3% 0.910 THz 33.8% 0.930 THz
8 72.0% 0.912 THz 32.0% 0.918 THz
9 72.8% 0.914 THz 34.2% 0.923 THz
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Fig.3 Input resistance of linear array with different number
of elements
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Fig.4  Surface current distribution of three-element linear
array at resonant frequency
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2.2 Planar array

Considering the exciting laser beam always has a
Gaussian distribution rather than linear, we investigate
two planar arrays with different arrangement. Figure 5
presents two shape of array, (a) gridding planar array
has the same three-element linear array in all rows and a-
ligned in the vertical direction; b) staggered planar array
has different linear array in different rows and elements
in adjacent rows are staggered. Two planar arrays are
both symmetrical to guarantee the interference fields of
the array are mainly located on the z-axis. From Figure
6, we find the resonant peaks are staggered in both kind
of array. The first (red color) and third ( blue color)
rows of array share the same resonant peak, while the
second row ( green color) has a separated peak. The dis-
tance of the staggered formant in two arrays are Af,;igine
= 0.024 THz and Af,,eca =0- 02 THz, respectively.
The structure of each row is exactly the same in the grid-
ding planar array which should have the same character-
istic. But the coupling of adjacent elements in the verti-
cal direction causes the separation of resonant peaks. On
the contrary, the staggered planar array has staggered ad-
jacent elements in the vertical direction, which leads to
less coupling to each other. Table 3 lists the Af of two
planar arrays with different thickness of the substrate. It
shows that the Af varies with the thickness, yet it is diffi-
cult to eliminate the Af by adjusting the parameters of
different rows. The staggered planar array has a narrower
emission spectrum due to smaller Af, which means it is a
better configuration for higher radiation intensity. Howev-
er, its average matching efficiency is 59. 1% at 0. 910
THz, which is about 13% lower than that of the linear
array. And the average matching efficiencies of gridding
planar array with different amount of elements are 1, ., =
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57% , M35 =50% , 1,4 =47% , 75,5 =47% respec-
tively. When we add more elements, there are more sep-
arate resonant peaks which cause a smaller average matc-
hing efficiency.

ST
Ty

(@ (b)

Fig.5 Two planar arrays and the sequence of elements (a)
gridding planar array, and (b) staggered planar array
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Fig.6 Input resistance of two planar arrays (a) gridding pla-
nar array, and (b)staggered planar array
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3 Radiation pattern

For practical application, a silicon lens is often used
to collimate the THz radiation, which however seriously
reduces the input resistance due to the high permittivity.

Table 3 The Af of two different planar arrays at different
thickness of substrate

®3 WHAREHI A XN EEEERRFKEE TSR

IESRE Af
Thickness of substrate/pum Af giading” THz Af paggered’ THz
5 0.024 0.002
15 0.01 0.006
25 0.01 0.008
35 0.011 0.008
45 0.019 0.007
55 0.043 0.017
65 0.005 0.005

To overcome this, Nguyen and Ying designed some struc-
tures without reducing the input resistance'*'"’. But
these structures are very difficult to fabricate. In this pa-
per, we provide an easy-fabricating structure to mitigate
the impact of this shortcoming. The silicon (g, =11.9,
loss free) lens is replaced by polyimide (g, =3.5, loss
tangent = 0. 002 7) lens, which has lower permittivity
and less effect on input resistance. It is preferable to
transfer the LT-GaAs film to a polyimide lens by epitaxial
lift-off method>'*). In addition, the total internal re-
flection of THz radiation rarely occur in a thin LT-GaAs
film, so it is not necessary to use a silicon lens with high
permittivity to couple the THz beam into free space''”.
For comparison, both polyimide and silicon lens are sim-
ulated, with the same extended hemispherical structure
(R=1000 pm, L=0.5R) 8. 18] Figure 7 illustrates the
radiation pattern of staggered array with a polyimide lens
at 0. 841 THz (red color) and with a silicon lens at
0.753 THz ( green color). Radiation energy is concen-
trated on the side of hemispherical lens, with the direc-
tivity of 16.9 dBi and 19.2 dBi, respectively. Although
silicon lens has higher directivity than polyimide lens,
yet the input resistance drops more due to larger permit-
tivity, as shown in Fig. 8. Low input resistance means

Fig.7 Radiation patterns of the staggered array with a polyim-
ide lens at 0. 84 THz (red color) and with a silicon lens at
0. 753 THz ( green color)

LT A AN [ 38 A P 0 I A0 2% b A 8 1k 47 ST T I 1) 33
Dy 1) [ (ZL 5y 5 Mk 7 e 355 45, 0. 84 THz; G €4 Jy ik i 45,
0.753 THz)
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high mismatch, the average matching efficiency of silicon
lens is only 44. 8% , compared with 51. 1% of polyimide
lens. Thus the total efficiency is raised from 25% to
35% after replacing the silicon lens by polyimide lens.

(a) polyimide lens

3000
P1/P3
_ I)‘W
2500 i
P5/P6
2000 g ; P10

1 500

1 000

Input Reistance/Q

Frequency/THz

(b) silicon lens

Fig.8 Input resistance of staggered array with (a) a polyimide
lens, (b) a silicon lens
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4 Interference field intensity

We examine the interference field of the above ar-
rays and compare their performance in transferring THz
photocurrent into a radiated THz wave. Considering the
above arrays are symmetrical, the interference field in-
tensity E(¢) can be monitored by a far-field E-probe lo-
cated on the -z-axis with a distance of 10 000 pm. When
excited by a light source, the THz photomixer generates
both sinusoidal AC and DC photocurrent''’. Because DC
component do not contribute to THz radiation, the sinu-
soidal signals last for 30 ps in phase are used to excite
the elements of array in simulation. The frequency of si-
nusoidal signals is equal to the resonant frequency of the
array. Figure 9 reveals the interference field intensity £
(#) of a three-element linear array. The amplitude of
field intensity increases after being resonant amplified,
and finally reaches to maximum E ., in a steady state.
We record the E ., of all above arrays with different
number of elements in Fig. 10. From it, we are con-
vinced that most arrays proposed in this paper have better
performance than the arrays without chokes. As discuss

in Sect. 4, a polyimide lens is a super choice for cou-
pling THz wave into space. The interference field inten-
sity is linear with number of elements for the linear ar-
rays, which proves that the output radiation of the pro-
posed linear array can be promoted by simply increasing
the number of elements. Compared to pulse radiation of
THz photoconductive antenna arrays'>'*! | the continuous
radiation of photomixer arrays has stronger coherent en-
hancement results. The main reasons include frequency
singleness, thin LT-GaAs film and closer distance be-
tween elements. These designed arrays are promising to
achieve high field intensity with more sophisticated ex-
periments satisfying the ideal condition.

Fig.9 The interference field intensity E(7) of a three-
element linear array

9 =JUHZFFRERSANT 0 E(1)

Fig. 10 E, of all above arrays with different number of
elements
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5 Conclusion

Terahertz dipole antenna arrays with THz chokes on
the thin LT-GaAs film are presented in this paper. We
analyze the radiation characteristics of different antenna
array. In the linear array we find the number of elements
only shift the resonant frequency slightly and has little
effect on the input resistance and the average matching
efficiency. Because the THz chokes restrict the AC com-
ponent into the bias line, thus the average matching effi-
ciency of the linear dipole array with THz chokes is more
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than doubling that of the array without chokes. In planar
structure, the staggered array has a narrower emission
spectrum than the gridding ones because of avoiding the
coupling of adjacent elements in the vertical direction.
To improve the coupling of THz radiation, we replace the
high-permittivity silicon lens by a low-permittivity poly-
imide lens to reduce negative impact on the input resist-
ance, and the total efficiency raise from 25% to 35%.
By examining the interference field of THz arrays excited
by continuous sinusoidal signals in phase, we prove the
superiority of the antenna array on the polyimide lens
with THz chokes in transferring THz photocurrent into a
radiated THz wave.
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