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Abstract

A new sub-THz leaky wave antenna based on grounded
silicon  substrate  for  chip-to-chip = communication
applications is presented. The proposed leaky wave antenna
is based on sinusoidally modulated surface reactance. This
surface reactance is implemented by using varying width
strips on the top of a grounded silicon substrate. Two
approaches for developing these strips are studied. These two
approaches are based on either highly doped silicon strips or
gold strips. Both the doped silicon and the gold are presented
by using their corresponding Drude models at the proposed
operating frequency. Comparisons between the properties of
these two approaches are presented to show the applicability
of each one.

1. Introduction

The development of modern wireless communication
systems requires a wide frequency bandwidth. Millimeter
waves (mm-waves) and sub-THz frequencies have received
much attention due to their applications such as short range
radar system, high resolution beam-scanning imaging
application, 5G cellular network, emerging sensing
applications, and chip-to-chip communication [1]-[3]. Leaky
wave antennas (LWAs) are travelling wave antennas which
can be designed to perform beam scanning at mm-wave
frequencies. Some of the benefits which make leaky wave
antennas a promising solution for microwave and mm-wave
applications are low cost, high directivity, high efficiency,
simple feeding, and frequency beam scanning capability [4],
[5]. Leaky wave antennas based on silicon substrate are good
candidates for mm-wave applications [6]-[9]. This
technology provides a low-cost platform for implementing
high performance beam steering system at mm-wave
frequencies. Integrating antenna system on a silicon substrate
with other mm-wave components and circuits is a key
technology for the mass market emerging mm-wave and sub-
THz communication systems.

A wide variety of LWAs were introduced, discussed and
developed for microwave and mm-wave applications [10]-
[12]. Planar printed LWAs are suitable for microwave range
of frequencies [13]. Electromagnetic propagation along a
sinusoidally modulated reactance surface was theoretically

investigated as a technique to increase the gain of surface-
wave antennas [14]. This sinusoidally modulated reactance
surface is implemented by different techniques like varying
width conducting strips on a grounded dielectric slab.
Another example of a sinusoidally modulated mm-wave
LWA based on inset dielectric waveguide is discussed in
[15]. This antenna consists of a sinusoidally modulated inset
groove etched on a dielectric rectangular waveguide. In [16]
another THz sinusoidally modulated leaky wave is
introduced based on tunable modulated graphene sheet. In
this case, the antenna consists of a graphene ribbon
modulated by adjusting its chemical potential by using
applied spatially varying electrostatic field.

On the other hand, highly doped silicon is found to have
plasmonic properties at THz and far infrared range [17], [18].
This property makes highly doped silicon a good candidate
for nanoantenna applications at this frequency range. In
addition, highly doped silicon can be considered as a
conducting layer on the silicon substrate. Developing highly
doped silicon can be obtained by using the same technology
of developing active components on a silicon substrate. In
addition, active silicon components are found to be suitable
for mm-wave circuits in different mm-wave and sub-THz
applications [19], [20]. This is the motivation in this paper to
introduce the idea of using highly doped silicon to integrate
a sinusoidally modulated leaky wave antenna with sub-THz
active circuits. This configuration can be quite useful for
chip-to-chip communication [1], [21].

In this paper, the analysis and design of two different
configurations of sinusoidally modulated silicon LWA for
300 GHz chip-to-chip communication are presented. The
first configuration is based on using highly doped silicon
strips on a grounded silicon substrate and the second
configuration is based on gold strips on a grounded silicon
substrate.

The equivalent surface reactance of the conducting
periodic strips on a grounded dielectric slab is obtained by
studying the reflection coefficient of infinite grating structure
composed of these strips. This equivalent reactance depends
on the width and the periodicity of these conducting strips.
Thus, it would be possible to tailor the required profile of
equivalent surface reactance by wusing multi-width
conducting strips.



In Sec. II the electrical properties of highly doped silicon
are presented. Then in Sec. 111, the corresponding properties
of gold are also discussed. The design steps of a sinusoidally
modulated reactance leaky wave antenna are discussed
briefly in Sec. IV. The electrical properties of doped silicon
and gold discussed in Sec. II and III are used to study the
equivalent surface reactance of a grounded silicon substrate
loaded by periodic array of strips of either doped silicon or
gold in Sec. V. This study is used to determine the widths of
the strips along the cell of the proposed leaky wave antenna
according to the required reactance profile obtained in Sec.
IV. The designed cells in Sec. V are combined in Sec. VI to
introduce the complete sinusoidally modulated leaky wave
antenna structure. Two designs are presented; one is based
on highly doped silicon strips and the other is based on gold
strips. Results and discussions of these two designs are
presented and compared. The analysis and design of these
antenna configurations are performed using HFSS and is
compared with CST.

2. THz conductivity of highly doped silicon

The electrical properties of heavily doped silicon were
studied extensively by different methods [22], [23]. A recent
model for the conductivity of doped silicon was presented as
a generalized Drude model (GD-model) as follows [23]:
a(0)
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where a , § are real numbers as ¢ = 0,8 < 1, g(0) is the dc
conductivity, w is the angular frequency and 7g; is the
corresponding scattering time. These parameters depend on
the concentration of doping density. For a highly doped
silicon with doping concentration n, = 108 cm™3, the
parameters of this generalized Drude model are a = 0.19,
B =0.82,175; = 0.071 ps and 6(0) = 42.17 S/cm [23]. In
this case, the complex conductivity of doped silicon as a
function of frequency is obtained for high doping density as
shown in Fig. 1. The real conductivity of highly doped silicon
at 300 GHz is of order 3950 S/m while the corresponding
imaginary part is of order 600 S/m.

3. THz conductivity of thin gold film

In a similar way, the conductivity of thin gold film on a
silicon substrate can be represented by using Drude model as
follows [24]:
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where w,, /27 for films of thickness greater than 20 nm is
2080 THz, 74, = 18fs . Figure 2 shows the real and
imaginary conductivity parts of the thin gold film in sub-THz
range. It can be noted that the real conductivity in this case of
order 2.7x107 S/m which is much greater than the real
conductivity of the highly doped silicon. On the other hand,
the imaginary conductivity part of the thin gold is of order
8x10° S/m. It can be noted that the ratio of the imaginary part
of conductivity to the real part in the case of gold is much
smaller that the corresponding ratio in doped silicon. Thus, in

the case of gold, the wave propagation depends mainly on the
real part conductivity.
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Figure 1: The variation of the complex conductivity (real part
and imaginary part) as a function of the frequency for high
doping concentration (n, = 1018 cm™3).
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Figure 2: The variation of the complex conductivity (real part
and imaginary part) as a function of the frequency for a thin
gold film on a silicon substrate.
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4. Design of sinusoidally modulated reactance
surface leaky wave antenna

In sinusoidally modulated reactance surface, the reactance of
the surface varies periodically in sinusoidal form along the
longitudinal propagation axis (y-axis in the present case).
This variation in surface reactance introduces leaky wave
radiation [14]. Sinusoidally modulated reactance surface can
be presented as:
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where Zg,,r(y) is the surface impedance along the y
direction, X' is the average normalized surface
reactance, 17y = 120w Q is the free space characteristic
impedance, M is the modulation factor and a is the periodic
length. This sinusoidally modulated reactance surface
supports propagation of leaky waves. The complex
propagation constant k,, of this leaky wave along this
modulated reactance surface can be obtained approximately
for small modulation factor as follows [16]:
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where [ is the real propagation constant along the leaky
wave antenna and a is the attenuation coefficient. The
direction of the radiated leaky wave beam depends on f
while the radiation beam width depends on a. According to
the approximation of (4), f is mainly depending on the
average normalized surface reactance X'. On the other hand,
the attenuation coefficient « is proportional to the
modulation index M. Thus, the radiated beam width
increases by increasing the modulation index.

The relation between the angle of the main beam and
both X’ and a can be obtained by simplifying (4) as follows
[15]:
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For the present analysis, the average normalized
reactance surface is assumed to be X' = 1.2, the operating
frequency is 300 GHz and the required beam direction is 8 =
30°. For these parameters, the periodic length a can be
obtained from (5) as a = 940 um. In the present design, the
modulation factor M is assumed to be 0.2.

This modulated surface reactance cell of length a is
divided into smaller sub-cells of periodic conducting strips.
The spacing between the centers of adjacent strips is assumed

61

to be a/10. The local equivalent surface reactance of each
cell is obtained by adjusting the width of this strip. The
equivalent surface reactance for a specific width can be
obtained by studying the reflection of an infinite array of
strips of this width with the proposed periodicity between the
adjacent strips. The equivalent surface reactance is obtained
as a function of the strip width. Then by using the required
surface reactance profile on the modulated surface reactance
cell one can obtain the corresponding width of each strip in
the sub-cells. This modulated surface reactance surface is
repeated periodically with a periodic length a to introduce
the leaky wave structure. In the present antenna, eight
modulated surface reactance surface cells are used to
construct the required leaky wave structure. This leaky wave
structure is connected to two tapered sections at its two ends
to be matched with the feeding transmission line. These steps
are discussed in the following two sections.

5. Analysis of the equivalent reactance surface

The proposed antenna is based on a grounded silicon
substrate with a thickness 60 um and a dielectric
constant &, = 11.9. This grounded silicon substrate is
assumed to be loaded by an infinite array of conducting
strips. These conducting strips are studied here for both
highly doped silicon strips and gold strips. For highly doped
silicon, the depth of high doping is less than or equal to 3 um
according to the doping technique [22].

The equivalent reactance surface is composed of periodic
cells of periodic length p = 0.1a = 94 um. The width of the
strips is varied fromw = 10 um to 90 um. The equivalent
reactance is obtained by using the reflection of normally
incident plane wave on these periodic cells as follows:

_ im(zsu‘rf) _ ir
X= o m (1—r) (6)

where I" is the reflection coefficient of normally incident
plane wave from this surface. This reflection coefficient of
an infinite periodic structure can be obtained by simulating
only a single cell with periodic boundary conditions as shown
in Fig. 3.
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Figure 3: Geometry of a unit cell in a grounded silicon slab
loaded by infinite periodic conducting strips.



Figure 4 shows the normalized equivalent reactance
surface of the unit cell as a function of the width of the doped
strips for both highly doped silicon strips and gold strips.

The required unit cell of the proposed leaky wave antenna
consists of ten strips as shown in Fig. 5. The length of the
each strip is assumed to be 750 um. The surface reactance of
this unit cell is varied according to (3) with the
parameters X', a and M discussed in Sec. IV. The width of
each strip is determined according to the required surface
reactance at the center position of this strip. This is done by
using obtained relation between the equivalent surface
reactance and the width of the strip shown in Fig. 4. Since the
unit cell is symmetric, only half the cell is determined and the
other half is obtained as a symmetric image. This procedure
was followed to determine the required values of surface
reactance and the corresponding widths as shown in Table 1.
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Figure 4: Equivalent surface reactance of a grounded silicon
substrate of thickness 60 um loaded by periodic strips of
width W and periodic distance p = 94 pm.
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Figure 5: Geometry of a unit cell of the proposed sinusoidally
modulated leaky wave antenna.
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Table 1: Width distribution of both the doped silicon and gold
film to introduce sinusoidally modulated reactance surface as
shown in Fig. 5.

Required Width of Width of

. surface strip (um strip (um

Strip # reactance forl:l(()l;)ed) f01P g((l)lld)

X surface (Q) silicon film

Wi 538.44 54 48
w2 505.57 53 46
W3 452.39 50 41
W4 399.21 45 34
W5 366.34 41 29

6. Analysis of the complete leaky wave antenna

In this section two configurations of a sinusoidally
modulated leaky wave antenna are presented. Each antenna
consists of eight unit cells. The first configuration is based on
using strips of highly doped silicon with doping
concentration 1, = 10'® cm™2 and the second one is based
on gold strips. The width of each cell is a = 940 pum and the
length of each strip is 750 um. The leaky wave antenna
structure is terminated by two tapered line sections to match
its ports to 50 Q feeding line. The length of this section is
assumed to be 1000 um. The proposed antenna structure of
a sinusoidally modulated leaky wave antenna is shown in
Fig. 6. This antenna is designed to operate at 300 GHz with
a scanning angle 30°. The total antenna dimension is
1.75%9.55 mm?.
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Figure 6: Geometry of the proposed sinusoidally modulated
leaky wave antenna structure.

Figure 7 shows the transmission and reflection
coefficients for these two antenna configurations. It can be
noted that due to the dissipative properties of highly doped
silicon, the input reflection coefficient is nearly linear along
the operating frequency band. However, for gold strips, the
reflection coefficient is characterized by clear resonance
behavior at the design operating frequency of 300 GHz. The
dissipative properties of doped silicon is also the reason for
reducing the transmission coefficient compared with the
corresponding one of the gold strips.

The corresponding radiation efficiency is presented in
Fig. 8. It is quite clear that the dissipative properties of doped
silicon antenna has a significant effect on reducing the
radiation efficiency compared with gold strips antenna.
However, this dissipative property makes the matching and
antenna efficiency slowly varying across a wider bandwidth.



According to the specification of the required
communication link, one can choose the appropriate antenna
configuration.
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Figure 7: Reflection and transmission coefficients of the
designed sinusoidally modulated leaky wave antennas.
(a)reflection  coefficient of silicon doped antenna,
(b)transmission coefficient of silicon doped antenna,
(c)reflection coefficient of gold strips antenna and
(d)transmission coefficient of gold strips antenna.
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Figure 8: The radiation efficiency of the designed
sinusoidally modulated leaky wave antennas.

Finally, Fig. 9 shows the obtained antenna gain (values
in ratio) along the E-plane of the antenna configurations at
300 GHz. Both antennas satisfy the peak radiation at the
design scanning angle of 30o. However, the highly doped
silicon antenna has much less peak gain compared with the
gold strips antenna. The reason for this is the low efficiency
of the doped silicon antenna due to the corresponding
dissipative properties.



0.15+

0.10 +

300

0.05 +

0.00 270

Gain

0.05 -+

240
0.10 +

0.15-

180

(a)

0 —— CST

204 330 T 30 - - - HFSS

154

300 60

10 4

0070 90

Gain

10 4

240 120

15 4

210 150

20 —L
180

(b)
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doped silicon, and (b) for a thin gold film.

7. Conclusions

In this paper, a sinusoidally modulated reactance surface
leaky wave antenna on a grounded silicon substrate is
discussed. The proposed antenna is designed to operate at a
frequency of 300 GHz with a beam pointed to 30° for chip-
to-chip communication. The analysis and design of the
proposed antenna is presented in detail. The sinusoidally
modulated reactance surface is implemented using varying
width strips array above the grounded dielectric silicon
substrate. Two configurations for these strips are introduced
based on either highly doped silicon strips or gold strips. The
antenna configuration based on highly doped silicon strips
shows dissipative properties which introduce low efficiency
and low antenna gain. However, this configuration is
characterized by wideband matching properties and slowly
varying radiation properties in a wide frequency band. On the
other hand, the antenna configuration based on gold strips
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shows higher efficiency and higher antenna gain. However,
this configuration is characterized by narrow band resonance
behavior around the operating design frequency. According
to the requirements of the proposed system, one can choose
between wide band low efficiency antenna with doped
silicon strips or narrow band high efficiency antenna with
gold strips.
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