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ABSTRACT

The two dimensional monolithic microwave integrated
circuits (2D MMIC) are mainly implemented in a planar
fashion and use microstrip design based technology. At
microwave frequency and above, they would require a large
amount of passive circuitry therefore occupying a great deal
of space (area). Furthermore the 2D MMIC is associated with
some disadvantages ranging from the use of very thin
substrate which makes it less reliable, to very delicate
substrate due to the use of via-hole technology, coupling issue
and high cost due to large area it occupies. To solve these
problems a three-dimensional multilayer technique 3D MMIC
was used. The design of the 3D MMIC is based on coplanar
waveguide (CPW), in this design the signal is protected by the
two grounds on both side, the circuit becomes more compact,
cost-effective and with improved performance. This research
work was aimed at the design, modelling and investigation of
a GaAs based multilayer compact 3D MMIC transmission
line. Different transmission lines were designed and modelled
using Agilent’s Advanced Design System (ADS) and their S-
parameters were extracted using Electromagnetic (EM)
simulator momentum.

Keywords:-Antenna, MMIC, ADS ,Microstrip, Coplanar
waveguide
I INTRODUCTION

Due to the rapid increase in use of microwave frequencies in
the medical sector, communication and radar applications
with also the emergence and booming of the communication
industry, which has taken place over the last couple of years,
antenna and their operating principles have become an
important area of focus. In the past few decades, planar
transmission lines and antennas has been a growing area of
research. Some specifications of antennas are needed, which
is integral to the design and optimization process. For
example personal communication systems (PCS), global
positioning systems (GPS) and wireless local area network
(WLAN) all require the antenna to be compact (miniaturize),
easy to design, low in cost and perform efficiently. The
antenna that best fits into these specifications is the microstrip
or printed antennas. [1][2].

Like any other device, microstrip antennas have drawbacks,
such as narrow bandwidth (about 1- 3%). Hence, lots of
research efforts are geared towards increasing the bandwidth.
In this research work , the performance, design and
characterisation of newly developed CPW transmission lines
which include the V-shaped and the overlapped transmission
lines which could have low loss, relatively compact
(miniaturized) and has wide range of characteristics
impedance for different applications
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II LITERATURE REVIEW
Printed antennas are known for their exceedingly attractive
physical attributes, such as, planar design and light weight;
this makes them ideal for applications that require low profile
structures and convenient elements in the design of large
antenna arrays. They can be integrated specifically with
MMICs in a packet, which can be attributed to their little
physical size and compatible fabrication procedure.
Integration of the antenna is desirable since it often leads to
miniaturization, lower costs, reduced power consumption,
reduced parasitic and increased design flexibility compared
with systems based on discrete antennas [2]-[4]. With the
increasing demand for higher frequency applications that is
(over 30 GHz) and the integration with MMIC’s there is need
to develop a more compact patch antenna using the 3D
MMICs technology.
In addition to the increasing needs in electronic circuit
miniaturization and integration, the demand for a more
compact and cost-effective transmission lines and antennas
which can be integrated with MMICs designs in order to
lower the dispassion loss, the noise figure and increase the
effective performance of such configurations has been on high
side. Planar antennas are substrate based and some of their
attributes like easy fabrication and integration with MMIC
designs increases their popularity and brings about the large
volume of research interests and activities in this field [5].
Microstrip is popular, well known and characterised
microwave transmission line formats for decades. Similarly
coplanar waveguide (CPW) transmission lines have also been
used and studied extensively in microwave applications.
However, they are not well characterised as microstrip lines.
Previous research works on CPW show that it could be an
alternative to the microstrip concept [6]-[9]. Microstrip and
CPW are frequently chosen over other high-frequency
transmission line alternatives, for example, strip line, this is
because of their simplicity [10]. Despite all their advantages,
they still have some disadvantages.
CPW which was first invented by Cheng P. Wen [11] in 1969
was a type of transmission line used for both MICs and
MMICs [12]-[15]. One of the good properties of CPW is that,
all conductors are on the same side of the substrate which is
generally uniplanar in construction. This feature allows cheap
and fast production compared with the microstrip design.
Recently, CPWs have attracted more attention due to their
advantages which include [16]-[18]:

(a) Easy shunt and series surface mounting of both active

and passive device.
(b) It eliminates the need of via-holes and wraparound
(c) It makes fabrication simpler



(d) Tt also reduces radiation losses
(e) It has a ground plane between and two adjacent lines
therefore cross talk between any two adjacent lines
would be very low. Due to this, CPWs can use
thicker substrate compared to the traditional
microstrip circuit.
The existing 2D MMIC are mainly implemented in a planar
fashion and use microstrip design based technology which has
a serious structural limit for chip size [19]. Furthermore, at
microwave frequency and above, they would require a large
amount of passive circuitry therefore occupying a lot of space
(area), which would be expensive and complex. The planar
MMIC has some problems ranging from the use of very thin
substrate thus making it is fragile, low reliability due to the
via-hole technology, coupling issue, low gain, narrow
bandwidth and high cost due to large area it occupies. This is
contrary to 3D MMIC design that uses CPW feeding in which
via-hole technology is not needed, fragile semiconductors do
not need to be very thin and individual component sizes are
unconfined. This properties make them more cost effective,
compact and short turn-around-time [20]-[28].
From all the above discussions it is obvious that there is a
need to model an antenna that is compact, easy to design and
fabricate. Therefore, for the purpose of this research work, a
3D MMIC technology based on CPW transmission line
design will be used, since in this design configuration, the
signal is protected by the two grounds on both sides making
the circuit more compact, cost-effective with improved
performance. This research work would focus on the design,
investigation and modelling of a GaAs based compact 3D
MMIC transmission lines. The design will be modelled using
Agilent’s Advanced Design System (ADS) and tested using
electromagnetic (EM) simulator momentum. Momentum EM
simulator was used to extract the S-parameters of the design

[2].

I METHODOLOGY

Experimental and Simulation Setup

In this section detail of the entire simulation process is
explained. The ADS momentum is used for design,
schematic and layout simulations. The S-parameters of
a transmission line or an antenna can be extracted using
this EM simulation tools. The S-parameters of a two
port network are usually defined using incident waves
(al and a2) and reflecting waves (bl and b2), which are
used as independent and dependent variables
respectively. The figure and equation below show the
general equation for these waves as a function of S-
parameters [56].

Port 1

a; ——

Port 2

I

[ 3]

b, [* a

Figure 1.S-parameters

[bl _[S11 512] [al
b2 521 S221la2

Using this matrix equation, the individual S-parameters can be
determined using the following ratios, this for S-parameters
completely define the two port network.

Input reflection coefficient— g11 =21 .......... (1)
al

Output reflection coefficient = §22 = b_z .......... )
a
Reverse transmission coefficient — g1 = 2L .......... 3)
a2
Forward transmission coefficient— g1 = 22 .......... 4

al
EM simulation tools

Accurate EM simulation is needed to predict the
electrical properties of MMIC components this is
because of their relatively small physical structure,
dielectric layer, multiple conductors and isolation of
passivating layers which make post fabricating tuning
very difficult. For the purpose of this research work,
ADS momentum EM simulator was used.See figure of
ADS momentum interface. See fig. 2

o —

- > -

Figure 3: ADS EM momentum user interface showing a CPW
transmission line layout

SIMULATING THE TRANSMISSION LINE AND
ANTENNA WITH MOMENTUM

As stated, earlier Momentum EM simulator solves
Maxwell’s field equations for 2.5D layouts like those of

a circuit board and ICs. It allows for visualizing current

flow on the metal, far field patterns and impedance of

the layout [25]- [28]. Outlined below are some of the
steps involved in setting up and running the simulation
package and obtaining the results:

(a) In a new layout window, design the desired
layout of the transmission line or antenna
according to the dimensions required using the
rectangle in this case.

(b) Define the substrate by clicking on the substrate
editor menu and pre compute the substrate
functions if required to confirm the substrate was
properly designed.

(c) Define the properties of the ports that are placed
in the layout editor. This can be done by going to
the EM simulation setup and the ports.

(d) Define the required frequency plan and also
define the mesh. A mesh is a division of the
designed layout into triangles or rectangles so
that the field of each section can be found and
summed together to obtain the overall field. This
could also be found in the EM simulation setup
menu and the options.

(e) Simulate the layout by clicking the EM simulate
key and after simulator the results of the S-
parameters obtained are displayed on a new data
sheet window. The S-parameter can be used to
calculate other desired parameter like dissipation
loss, effective dielectric  constant and
characteristics impedance.

(f) The post processing menu key can be used to
visualize the far field of an antenna and also
display the current flow of a transmission line or
antenna.



Method of transmission line parameters extractions
Extraction and characterisation of RF components
of transmission lines and antennas is very useful in
studying their behaviours. The extracted S-
parameter from simulations and measurement can
easily be wused to calculate properties like
characteristics impedance (Z,), dissipation loss
(DL) and effective dielectric constant (sef f). The
equation used to calculate some of the parameters
of a transmission line can be seen in reference [59]
and based on the solution of Telegrapher’s
transmission line equation (see appendix I). From
this reference the matrix equations for calculating
the propagation constant and characteristics
impedance are show below.

5= (Isys* = 1o*)sinhyl ~ 2syslo a1

sl Usyslo (Isys*-Lo*)sinhyll
Where D = 2ZsysZo cosh yl + (Zsys*+ Zo?) sinh yl (4)
And | = length of the cable and Zs~= System
impedance = 50 Q
From the above matrix equation the following equations
can be derived considering a reciprocal transmission line
that is since S11 =522 and S12 =521

_ (1+511)2-5212
Zo = ZLeys /—(1_511)2_5212 ................................... )

And
1-5112+521? (5112-5212+1)2-(2511)2
2521 \/ (2521)2
Since the propagation constant is given by
Yy = a+ jp Where g and g are the real and imaginary part of
the complex propagation constant. # Gives the phase velocity
while ¢ shows the loss.
The real part imaginary part of this equation (f3) can be used
to calculate the effective dielectric constant obtained from the
Telegrapher’s transmission line equation. See equation below

= ﬁ)
Er, effective™ (27Tf ........................................... (7)
Where ¢ = speed of light and f'= frequency

Dissipation loss (DL) is also important to plot against
frequency to show the losses in these CPW multilayer
transmission line. Considering a two port network
where the power transmitted is

1 — |S11P. The output power can therefore be
approximated as |[S21>. Thus the DL can be expressed
as

—|s 2
Loss = 10Log (1|s|2:|12| ) .............................. ®)

eVl =

..(6)

RESULTS AND DISCUSSIONS

CPW Multilayer Transmission Lines

In this part of the report, different characteristics of CPW
multilayer transmission lines on the GaAs substrate are
examined. Various arrangements of multilayer CPW
transmission lines with length of 2mm, on a semi-insulating
GaAs substrate of thickness 600 pm and wide range of
characteristics impedance were designed simulated and
investigated using ADS Momentum EM simulator. This is
very important for implementation, design and optimization
of further 3D MMICs, such as the antenna feeder line which
this research work would look into.

CPW transmission line parameter extraction

To examine the properties of the transmission line, the S-
parameters of the transmission line are extracted and used to
calculate the characteristics impedance, effective dielectric
constant, and dissipation constant. Equations from [21] were
used, see equations below;

f(1+511)2—5212
ZO— Zsys (1_511)2_5212 (9)
Where Zo = Characteristics Impedance Zgys =
Impedance
S11 = input reflection coefficientS » = forward transmission
coefficient
While the complex propagation constant is expressed as
Y=+ i, (10)

Where a is the real part of the propagation constant which
indicates the loss and £§ is the imaginary part (phase velocity).

Er, effective™ (V_Cp)Z = (%)2 ................... (1 1)

Where ¢ = speed of light, » = angular frequency, v, = phase
velocity.
Finally the dissipation loss (DL) of the transmission line is
calculated using the S-parameters as,
DL = 10Log (SE1L) 12

= g 21z ) (12)
Where§ » = forward reflection coefficient
Effect of fabrication parameters on CPW transmission
lines
This part of the report will focus on the effect of dielectric
thickness h, with a constant metal thickness (t), and cross
sectional view as shown in the figure 4.1a having centre metal
width (w) and gap (G). It should however be noted that in the
practical structure of multilayer MMICs, titanium (T1i) alloy is
applied to the conductor (gold) layer, This is because gold
conductor alone does not well adherent to the polyimide layer,
while Ti has a good adhesion property with polyimide. See
figure 4.1b and 4.1c¢
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Figure 4. a) Cross sectional view CPW transmission line (b &
¢) Au and Ti combined
As seen in figure 4.2 above Au (Gold) which has higher
conductivity is usually fabricated with a higher thickness
compared to Ti (titanium), as such the total resistivity of gold
and titanium is usually dominated by Gold (AU).
The Effect of Polyimide thickness (h)
The polyimide dielectric layer which has a dielectric constant
of about 3.5 is usually applied for the following reasons:

(1) To insulate and support the conductor layers in

multilayer MMICs design.

(2) To passivate and planarise the surface of MMICs.
The polyimide layer can affect the overall performance of the
multilayer CPW transmission line. This is because the electric
field penetrates into the polyimide layer and GaAs substrate
as shown in the figure below.

Signal
Ground Ground
olyimide

‘ —

GaAs Substrate



Figure 4d: Electric field distribution in CPW transmission
line with polyimide layer

If the polyimide layer is very thick, most of the electric field
flux will accumulate within the polyimide layer and

polyimide determines the effective dielectric constant.
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Figure 5: Simulated result showing effect of thickness of
polyimide layer h on effective dielectric constant in CPW
planar on polyimide transmission line structure

As shown in the results obtained after simulation (figure 5),
the effective dielectric constant decrease as the thickness of
the polyimide layer increases this is because most of the
electric field flux is concentrated within the polyimide layer
which has a relatively low dielectric constant (3.5) compared
to GaAs (12.90).
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Figure 6: Simulated result showing effect of thickness h of
polyimide layer on characteristics impedance in CPW planar
on polyimide transmission line structure

The results obtained after simulation is shown in figure 6
above, the characteristics impedance of the multilayer CPW
transmission line increases from about 50 Q for planar CPW
transmission line to about 90 Q, with increase in thickness (h)
of the polyimide layer. This is due to decrease in permittivity
which also reduce parasitic capacitance of the CPW
transmission line and consequently increase the characteristics
impedance. See equation (4.5) below for relationship between
capacitance and characteristics impedance.

Zo= |E (4.5)
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Figure 7: Effect of thickness of polyimide layer on dissipation
in CPW planar on polyimide transmission line structure
Figure 7 shows the result obtained demonstrating the effect of
thickness of polyimide layer on the dissipation loss, it was
observed that the dissipation loss reduces with increase in
thickness of polyimide layer. This is due to the reduction in
effective dielectric constant of the CPW transmission line.

Transmission lines with characteristics impedance (Zo) of
50 Q

After various simulations and S-parameter extractions of
different CPW transmission lines on ADS and momentum
EM simulator, it was observed that the planar and V-shaped
multilayer CPW transmission line have a characteristics
impedance of approximately 50 Q. Transmission lines with
characteristics impedance of 50 Q are widely desirable.
However the well know planar configuration of CPW
transmission line results in high losses. As such, this section
was used to compare the differences between the effective
dielectric constant and dissipation loss of the simulated planar
and V-shaped CPW multilayer transmission lines. See figure
8 cross sectional view of planar and V-shaped transmission
lines.
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Figure 8: Planar (a) and V-shaped CPW transmission line (b)
Figure 9 shows the result of the effective dielectric constant
obtained after simulating the planar and V-shaped multilayer
transmission lines with the previous designed and simulated
planar CPW transmission line which had the following
dimensions W =20 ym and G = 15 ym on
GaAs substrate and a multilayer V-shaped CPW transmission
line with W =12 ym and G of 15 ym.
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Figure 9: Simulated result showing effective dielectric

Form the result in figure 4.7, it was observed that the V-
shaped with a smaller width (w of 12 ym) has a lower
effective dielectric constant compare to that of the planar
transmission line with w of 20 ym. This is due to the fact that
in the V-shaped CPW transmission line more electric flux
lines are concentrated in the low permittivity polyimide layer
and air, leading to a reduction in dissipation loss as shown in

the result obtained in figure 10
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Figure 10: Simulated result showing dissipation loss of a
planar and V-shaped CPW transmission line with Zo=50€
From the Figure 4.8, it can be deduced that the multilayer

V-shaped CPW transmission line with a thinner centre



conductor width is less lossy than planar transmission line.
That is the V-shaped disperses the current within the
conductor thereby reducing the current crowding effect.

Transmission lines with characteristics impedance (Zo)

less than 50 Q

In this section, a CPW transmission line structure with
characteristic impedance of less than 50 Q are designed
and simulated to see the parameter sensitivity. This type of
transmission line can be achieved by using a narrow gap
between signal line and ground plane since narrow gaps
lead to current crowding effect at the conductor edge due
to high current. See figure 11
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Figure 11: Cross sectional view of elevated multilayer
CPW transmission line with overlap (o) Note: All
dimension in (um)

The above stated transmission line is simulated using the
momentum EM simulator on ADS for different overlap
distance (0) to verify the effect on the characteristics
impedance, effective dielectric constant and dissipation
loss. See the figures 12, 13, 14 for results
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Figure 12: Characteristic impedance of elevated
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Figure 13: Effective dielectric constant of elevated

M1, M2 with increase in overlap (o (um))
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Figure 14: Dissipation loss of elevated M1, M2 with increase

in overlap (o (um))

For the plot in figures 12, 13, 14 it was observed that the
characteristics impedance of the CPW transmission line
decreased as the overlap width increased, this is due to
increase in capacitance between the metal plates which will
consequently lead to a reduction in the impedance since the
relationship between them is shown in equation 4.6. The
graph show that the effective dielectric constant of
transmission line increases with increase in the overlap
width (0). This is due to the fact that the electric field will
be more intense in the overlap region than in the GaAs
substrate. Similarly the dissipation loss increase with
increase in the width of the overlap because overlapping
introduces higher current density and more electric field
flux is concentrated in the polyimide layer therefore the
dielectric loss become higher.

CONCLUSION

The testing and investigation of different CPW multilayer
transmission lines has been well and successfully designed,
characterised and simulated using 2.5D simulator ADS EM
momentum in this research work. The multilayer CPW
transmission line were characterised with characteristics
impedance ranging from about 7 Q to 90 Q using various
multilayer design structures. It was shown that
characteristic impedance of greater than 50 Q can be
attained by elevating the CPW line or signal line above the
insulator layer that is by using an elevated design structure.
Characteristic impedance of ~ 7 Q was achieved by using a
CPW transmission structure with a metal overlap, this
metal overlap leads to increase in capacitance of the
transmission line which leads to overall decrease in the
characteristics impedance of the transmission line
depending on the length of the overlap. The common
planar transmission line and V-shaped transmission were
used to achieve characteristics impedance of approximately
50 Q. But the V-shaped CPW transmission line was
observed to have a much lower dissipation loss and
effective dielectric constant compared to the common
planar transmission line due to lower current crowding
effect at the edge of the conductor.
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