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Abstract

The central theme of this work is the design of a compact microstrip triplexer and diplexer
for mobile communication systems at base stations to work as a transceiver. The first stage
includes designing individual microstrip bandpass hairpin filters. The first filter is specified
to work at the Digital Cellular System (DCS) operating at 1710-1880 MHz band, whereas
the second filter is specified to work at the Universal Mobile Telecommunication System
(UMTS) operating at 1920-2170 MHz and the third filter is for the Long Term
Evolution (LTE) system operating at 2500-2690 MHz band. The structure of each filter
consists of five coupled resonators with chebyshev response. In the second stage, the
individual filters are then combined together using a central transmission line that
couples the energy from the common port to filters and the other way around. Two
multiplexing components have been designed. The first is a diplexer for UMTS/ LTE
systems, and the second component is a triplexer for DCS/ UMTS/ LTE systems.
Optimization techniques available in CST simulation software such as Genetic and Nelder
Mead Simplex algorithms have then been utilized to improve the performance of the

whole structure of each component.
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Chapter 1

Introduction

1 Introduction:

Wireless communication is the transfer of information over a distance without the use of
enhanced electrical conductors or "wires”. The distances involved may be short (a few
meters as in television remote control) or long (thousands or of kilometers for radio
communications). It encompasses various types of fixed, mobile, and portable two-way
radios, cellular telephones, Personal Digital Assistants (PDAs), and wireless networking
[1]. One of the most important components in wireless communication systems is the
multiplexers.

Multiplexers are used to combine or separate frequency bands for transmission via a
common antenna as part of a system. Its performance no doubt strongly affects system
quality [2]. Input and output multiplexers include power dividers, circulators, manifold and
transmission lines networks for connecting channel filters [3]. Such elements contribute to
increase size and weight and also have a non negligible impact on electrical performances
(insertion loss, power handling ...) [3]. In order to suppress the previous elements from
multiplexing networks, compact microwave multiplexers composed exclusively of coupled
resonators have been introduced. This design allows a large reduction of size and weight
compared to conventional microwave multiplexers. Moreover, compact multiplexers offer
additional flexibility since coupling between channels may be exploited [3]. This thesis
presents the design of a multiplexer for mobile communications systems. The next sections

present the generations of mobile systems.

1.1 Generations of Wireless Communication Systems:

In 1895, Guglielmo Marconi opened the way for modern wireless communications by
transmitting the three-dot Morse code for the letter ‘S’ over a distance of three kilometers
using electromagnetic waves. From this beginning, wireless communications has
developed into a key element of modern society. Wireless communications have some
special characteristics that have motivated specialized studies. First, wireless
communications relies on a scarce resource — namely, radio spectrum state. In order to

foster the development of wireless communications (including telephony and

1



Broadcasting) those assets were privatized. Second, use of spectrum for wireless
communications required the development of key complementary technologies; especially
those that allowed higher frequencies to be utilized more efficiently. Because of its special
nature, the efficient use of spectrum required the coordinated development of standards [4].
Figure 1.1 explains the evolution of applications in the generations of the wireless

communication systems.

y
4G
P p
» 3.5G LTE
3G 100Mbps
_ [F27se HSDPA
’ > UMTS 14.4Mbps /
> 4 2.5G EDGE 2Mbps //
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——

Figure 1.1: Evolution of wireless communication systems [5]

1.1.1 First Generation Technology (1G):

1G refers to the first generation of wireless telecommunication technology, more popularly
known as cellphones. A set of wireless standards developed in the 1980's, 1G technology
replaced 0G technology, which featured mobile radio telephones and such technologies as
Mobile Telephone System (MTS), Advanced Mobile Telephone System (AMTS),
Improved Mobile Telephone Service (IMTS), and Push to Talk (PTT)[4].

1G wireless networks used analog radio signals. Through 1G, a voice call gets modulated
and transmitted between radio towers. This is done using a technique called Frequency-
Division Multiple Access (FDMA) [4].

In terms of overall connection quality, it has low capacity, unreliable handoff, poor voice
links, and no security at all since voice calls were played back in radio towers, making
these calls susceptible to unwanted eavesdropping by third parties. However, 1G did
maintain a few advantages over 2G. In comparison to 1G's analog signals, 2G's digital
signals are very reliant on location and proximity. If a 2G handset made a call far away
from a cell tower, the digital signal may not be strong enough to reach it. While a call
made from a 1G handset had generally poorer quality than that of a 2G handset, it survived

longer distances. This is due to the analog signal having a smooth curve compared to the



digital signal, which had a jagged, angular curve. As conditions worsen, the quality of a
call made from a 1G handset would gradually worsen, but a call made from a 2G handset
would fail completely [4].

Different 1G standards were used in various countries. One such standard is NMT (Nordic
Mobile Telephone), used in Nordic countries, Eastern Europe and Russia. Others include
AMPS (Advanced Mobile Phone System) used in the United States, TACS (Total Access
Communications System) in the United Kingdom, C-Netz in West Germany, Radiocom
2000 in France, and RTMI in Italy [4].

1.1.2 Second Generation Technology (2G - 2.75G):

2G is the second-generation wireless telephone, which is based on digital technologies. 2G
networks is basically for voice communications only, except Short Message Signals (SMS)
is also available as a form of data transmission for some standards. 2G telephone
technology is based on Global System for Mobile communication (GSM). 2G technologies
enabled the various mobile phone networks to provide the services such as text messages,
picture messages and multimedia messages (MMS). 2G technology holds sufficient
security for both the sender and the receiver. All text messages are digitally encrypted.
This digital encryption allows for the transfer of data in such a way that only the intended
receiver can receive and read it. 2G technologies are either time division multiple access
(TDMA) or code division multiple access (CDMA) [4].

TDMA allows for the division of signal into time slots. CDMA allocates each user a
special code to communicate over a multiplex physical channel. Different TDMA
technologies are GSM, PDC, IDEN, 1S-136. CDMA technology is 1S-95. GSM is the most
admired standard of all the mobile technologies. GSM technology was the first one to help
establish international roaming. This enabled the mobile subscribers to use their mobile
phone connections in many different countries of the world’s is based on digital signals,
unlike 1G technologies which were used to transfer analogue signals.

The use of 2G technology requires strong digital signals to help mobile phones work. If
there is no network coverage in any specific area, digital signals would be weak. 2.5G is a
group of bridging technologies between 2G and 3G wireless communication. It is a digital

communication allowing e-mail and simple Web browsing, in addition to voice [4].



1.1.3 Third Generation Technology (3G):

3G is the third generation of mobile phone standards and technology. It is based on the
International Telecommunication Union (ITU) family of standards under the International
Mobile Telecommunications programme, IMT-2000.

3G technologies enable network operators to offer users a wider range of more advanced
services while achieving greater network capacity through improved spectral efficiency.
Services include wide area wireless voice telephony, video calls, and broadband wireless
data, all in a mobile environment. Additional features also include High Speed Packet
Access (HSPA) data transmission capabilities able to deliver speeds up to 14.4 Mbit/s on
the downlink and 5.8 Mbit/s on the uplink. Spectral efficiency or spectrum efficiency
refers to the amount of information that can be transmitted over a given bandwidth in a
specific digital communication system. HSPA is a collection of mobile telephony protocols
that extend and improve the performance of existing UMTS protocols [4].

Unlike IEEE 802.11 (common names Wi-Fi or WLAN) networks, 3G networks are wide
area cellular telephone networks which evolved to incorporate high-speed internet access
and video telephony. IEEE 802.11 networks are short range, high-bandwidth networks
primarily developed for data. Wi-Fi is the common name for a popular wireless technology
used in home networks, mobile phones, video games and more. The notebook is connected
to the wireless access point using a PC card wireless card. A videophone is a telephone
which is capable of both audio and video duplex transmission [4].

3G technologies make use of TDMA and CDMA. 3G technologies make use of value
added services like mobile television, Global Positioning System (GPS) and video
conferencing. The basic feature of 3G Technology is fast data transfer rates. 3G technology
is much flexible, because it is able to support the 5 major radio technologies. These radio
technologies operate under COMA, TDMA and FDMA. CDMA holds for IMT-DS (direct
spread), IMT-MC (multi carrier). TDMA accounts for IMTTC (time code), IMT-SC
(single carrier). FDMA has only one radio interface known as IMT-FC or frequency code.
3G is really affordable due to the agreement of industry. This agreement took place in
order to increase its adoption by the users. 3G system is compatible to work with the 2G
technologies. The aim of the 3G is to allow for more coverage and growth with minimum
investment. There are many 3G technologies as W-CDMA, GSM EDGE, UMTS, DECT,
WiMax and CDMA 2000. Enhanced data rates for GSM evolution or EDGE is termed to

as a backward digital technology, because it can operate with older devices [4].



1.1.4 Fourth Generation Technology (4G):

4G refers to the fourth generation of cellular wireless standards. It is a successor to 3G and
2G families of standards. The terms of the generations generally refers to a change in the
fundamental nature of the service, non-backwards compatible transmission technology and
new frequency bands. 4G refers to all Internet Protocol (IP) packet-switched networks,
mobile ultra-broadband (gigabit speed) access and multi-carrier transmission. Pre-4G
technologies such as mobile WIMAX and first-release 3G Long Term Evolution (LTE)
have been available on the market since 2006 and 2009, respectively. It is basically the
extension in the 3G technology with more bandwidth and services offers in the 3G. The
expectation for the 4G technology is basically the high quality audio/video streaming over
end to end IP. If the IP multimedia sub-system movement achieves what it going to do,
nothing of this possibly will matter [4].

WIMAX or mobile structural design will become progressively more translucent, and
therefore the acceptance of several architectures by a particular network operator ever
more common. Some of the companies trying 4G communication at 100 Mbps for mobile
users and up to 1 Gbps over fixed stations [4].

1.2Frequency Division Duplex (FDD) and Time Division Duplex (TDD)

System:

Many cellular systems (such as AMP, GSM, etc.) use frequency division duplex (FDD) in
which the transmitter and receiver operate simultaneously on different frequencies.
Separation is provided between the downlink and uplink channels to avoid the transmitter
causing self interference to its receiver [6].

A cellular system can be designed to use one frequency band by using time division duplex
(TDD). In TDD a bidirectional flow of information is achieved using the simplex-type
scheme by automatically alternating in time the direction of transmission on a single
frequency. At best TDD can only provide a quasi-simultaneous bidirectional flow, since
one direction must be off while the other is using the frequency. However, with a high
enough transmission rate on the channel, the off time is not noticeable during
conversations, and with a digital speech system, the only effect is a very short delay [6].
The amount of spectrum required for both FDD and TDD is the same. The difference lies
in the use of two bands of spectrum separated by the required bandwidth for FDD, whereas

TDD requires only one band of frequencies but twice the bandwidth. It may be easier to



find a single band of unassigned frequencies than finding two bands separated by the
required bandwidth [6].

With TDD systems, the transmit time slot and the receiver time slot of the subscriber unit
occur at different times. With the use of a simple RF switch in the subscriber unit, the
antenna can be connected to the transmitter when a transmit burst is required (thus
disconnecting the receiver from the antenna) and to the receiver for the incoming signal.
The RF switch thus performs the function of the duplexer, but is less complex, smaller in
size, and less costly. TDD uses a burst mode scheme like TDMA and therefore also does
not require a duplexer. Since the bandwidth of a TDD channel is twice that of a transmitter
and receiver in an FDD system, RF filters in all the transmitters and receivers for TDD
systems must be designed to cover twice the bandwidth of FDD system filters [6].

1.3Multiple Access Techniques:

Multiplexing deals with the division of the resources to create multiple channels.
Multiplexing can create channels in frequency, time, etc., and the corresponding terms are
then frequency division multiplexing (FDM), time division multiplexing (TDM), etc. Since
the amount of spectrum available is limited, we need to find ways to allow multiple users
to share the available spectrum simultaneously. Shared access is used to implement a
multiple access scheme when access by many users to a channel is required. For example,
one can create multiple channels using TDM, but each of these channels can be accessed
by a group of users using the ALOHA multiple access scheme. The multiple access
schemes can be either reservation-based or random [6].

Multiple access schemes can be classified as reservation-based multiple access (e.g.,
FDMA, TDMA, CDMA) and random multiple access (e.g., ALOHA, CSMA), see
Figurel.2. If data traffic is continuous and a small transmission delay is required (for
example in voice communication) reservation-based multiple access is used [6].

In many wireless systems for voice communication, the control channel is based on
random multiple-access and the communication channel is based on FDMA, TDMA, or
CDMA. The reservation-based multiple access technique has a disadvantage in that once
the channel is assigned, it remains idle if the user has nothing to transmit, while other users
may have data waiting to be transmitted. This problem is critical when data generation is
random and has a high peak-rate to average-rate ratio. In this situation, random multiple-

access is more efficient, because a communication channel is shared by many users and



users transmit their data in a random or partially coordinated fashion. ALOHA and carrier
sense multiple access (CSMA) are examples of random multiple access. If the data arrives
in a random manner, and the data length is large, then random multiple access combined
with a reservation protocol will perform better than both random and reservation based

schemes [6].

Multiple
Access Techniques

Reservation-
based

T |

FDMA TDMA CDMA Random memnym
reservation

T

ALOHA CSMA  ISMA Reservation PRMA
ALOHA

Random

Figure 1.2: Multiple access schemes.

1.3.1 Frequency Division Multiple Access:

The FDMA is the simplest scheme used to provide multiple-access. It separates different
users by assigning a different carrier frequency, see Figure 1.3. Multiple users are isolated
using bandpass filters. In FDMA, signals from various users are assigned different
frequencies, just as in an analog system. Frequency guard bands are provided between
adjacent signal spectra to minimize crosstalk between adjacent channels. The advantages
and disadvantages of FDMA with respect to TDMA or CDMA are [6]:

1.3.1.1: Advantages:

1. Capacity can be increased by reducing the information bit rate and using an efficient
digital speech coding scheme.

2. Technological advances required for implementation are simple. A system can be
configured so that improvements in terms of a lower bit rate speech coding could be easily
incorporated.

3. Hardware simplicity, because multiple users are isolated by employing simple bandpass

filters.
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Figure 1.3: FDMA/FDD channel architecture [6].
1.3.1.2 Disadvantages:

1. The system architecture based on FDMA was implemented in first generation analog
systems such as advanced mobile phone system (AMPS). The improvement in capacity
depends on operation at a reduced signal-to-interference (S/I) ratio. But the narrowband
digital approach gives only limited advantages in this regard so that modest capacity
improvements could be expected from the allocated spectrum.

2. The maximum bit-rate per channel is fixed and small, inhibiting the flexibility in bit-rate
capability that may be a requirement for computer file transfer in some applications in the
future.

3. Inefficient use of spectrum, in FDMA if a channel is not in use; it remains idle and

cannot be used to enhance the system capacity.

1.3.2 Time Division Multiple Access:
In a TDMA system, each user uses the whole channel bandwidth for a fraction of time, see
figure 1.4, compared to an FDMA system where a single user occupies the channel

bandwidth for the entire duration. In a TDMA system, time is divided into equal time



intervals, called slots. User data is transmitted in the slots. Several slots make up a frame.

Guard times are used between each user’s transmissions to minimize crosstalk between

channels, see figure 1.5. Each user is assigned a frequency and a time slot to transmit data.

The data is transmitted via a radio carrier from a base station to several active mobiles in

the downlink. In the reverse direction (uplink), transmission from mobiles to base stations

is time-sequenced and synchronized on a common frequency for TDMA. The preamble

carries the address and synchronization information that both base station and mobile

stations use for identification, the advantages and disadvantages of TDMA are [6]:

1.3.2.1 Advantages:

1. TDMA permits a flexible bit rate.

2. TDMA offers the opportunity for frame-by-frame monitoring of signal strength/bit error

rates to enable either mobiles or base stations to initiate and execute handoffs.

3. TDMA, when used exclusively and not with FDMA, utilizes bandwidth more efficiently
because no frequency guard band is required between channels.
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Figure 1.4: TDMA/FDD channel architecture [6].



A

h 4

One frame

() (
Preamble Slot 1 Slot 2 é g Slot m Trail bits
¢ ) (
Preamble Information message Guard bit (time)
(Trail + Synch.) g

Figure 1.5: TDMA frame [6].

1.3.2.2 Disadvantages:

1. For mobiles and particularly for hand-sets, TDMA on the uplink demands high peak
power in transmit mode, which shortens battery life.

2. TDMA requires a substantial amount of signal processing for matched filtering and
correlation detection for synchronizing with a time slot.

3. TDMA requires synchronization. If the time slot synchronization is lost, the channels

may collide with each other.

1.3.3 Comparisons of FDMA, TDMA, and CDMA:

The primary advantage of CDMA is its ability to tolerate a fair amount of interfering
signals compared to FDMA and TDMA that typically cannot tolerate any such interference
(Figure 1.6). As a result of the interference tolerance of CDMA, the problems of frequency
band assignment and adjacent cell interference are greatly simplified. Also, flexibility in
system design and deployment are significantly improved since interference to others is not
a problem. On the other hand, FDMA and TDMA radios must be carefully assigned a
frequency or time slot to assure that there is no interference with other similar radios [6].

With CDMA, adjacent microcells share the same frequencies whereas with FDMA/TDMA
it is not feasible for adjacent microcells to share the same frequencies because of
interference. In both FDMA and TDMA systems, a time-consuming frequency planning
task is required whenever a network changes, whereas no such frequency planning is

needed for a CDMA network since each cell uses the same frequencies [6].
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Figure 1.6: Comparison of multiple access methods.

1.4 Thesis Objective:

Microwave multiplexing networks are widely used in wireless communications systems.
The frequency spectrums can be split into a number of smaller frequency bands or Radio
Frequency (RF) channels using input multiplexers. Output multiplexers combine several
narrowband channels into a single wideband composite signal for transmission. The
performances of channel filters, such as the insertion loss and rejection between channels,
are extremely critical [2].

A typical multiplexer design involves design and optimization. In the design process, the
channel filters are prepared to meet the specifications with the corresponding coupling
matrices synthesized, then the filters are combined together using a power distribution
network such as transmission lines, manifolds, circulators and power dividers.

The proposed work here is to analyze and design a microstrip multiplexer for mobile base
stations. Two devices are designed; the first is a diplexer supporting UMTS and LTE
systems, and the second device is a triplexer supporting DCS, UMTS, and LTE mobile
communication systems. The specification of each particular channel has been introduced

early in this chapter.
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1.5 Thesis Overview:

In this chapter we explained the history of wireless communication and the evolution of its
generations. We explained the importance of multiplexer components for communication
systems.

The next chapter discusses the bandpass filter design procedure, chebyshev filters will be
explained.

Chapter 3 explains the microstrip lines and their design equations. The hairpin resonators
design will also be discussed. The theory of coupling, the calculation of coupling
coefficients between two resonators, and the calculation of external coupling coefficients
will also be presented in chapter 3.

Chapter 4 presents the design of each channel filter using microstrip technology. The
insertion and return loss of each filter will be shown from simulation results.

Chapter 5 explains the design procedure for the DCS (GSM 1800)/ UMTS/ LTE triplexer
and UMTS/ LTE diplexer.

The final chapter provides summary and conclusions drawn from this work.
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Chapter 2
Filter Theory

In this chapter we will discuss the theoretical procedure for design of the microstrip filters.

2.1 Introduction:

Bandpass filters play a significant role in wireless communication systems. Transmitted
and received signals have to be filtered at a certain center frequency with a specific
bandwidth [1]. The rapid growth in commercial microwave communication systems had
been developed. Hence microstrip technology play important role in many RF or
Microwave applications. Emerging applications such as wireless communications continue
to challenge RF/Microwave filters with requirements of higher performance, smaller size,
lighter weight and lower cost [2].

2.2 Transfer Function:

In Radio Frequency (RF) applications, for defining transfer function we use the scattering
parameter S,,. In many applications we use instead the magnitude of S,,, the quadrate of

S, is preferred [1],

1

L V[2
1S2: G|* = T e?F2 Q) (2.1)

where, € is the ripple constant, F,(Q) filter function and Q is frequency variable. If the

transfer function is given, the insertion loss response of the filter can calculated by
1
Lo(Q) = 10log———dB 2.2
al) OO 22)

For lossless conditions, the return loss can be found by
Lg = 10log[1 — |5, GQ)|?]1 dB (2.3)
2.3 Chebyshev Filter:

In practical implementation, the specification for losses in pass region can normally be
higher than zero. Chebyshev approach exploits this not so strictly given specification
values. It can be 0.01 dB, or 0.1 dB, or even higher values. The Chebyshev approach

thereby shows certain ripples in the pass region, this can lead to better (higher) slope in the
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stop region. Figure 2.1 shows the attenuation characteristics for lowpass filter based on

Chebyshev approach. The quadrate of the magnitude of the transfer function with
Chebyshev approach is given by [1]:

1

1S GVI? = —5—= (2.4)

T 1+€2T2(Q)

T,,(Q) is the first kind chebyshev function of order n, defined by [3]:

La(dB)

1
Q. or f; Qorf

B
>

Figure 2.1: Attenuation characteristics for Chebyshev approach [1].

cos(ncos™1Q), |Q] <1
T,(Q) = { 2.5
n(Q) cosh(ncosh™1Q), 10| >1 (25)
The chebyshev filter has the following general rational transfer function [3]:
1
_ Hin=1[nz+5m2(iﬂ/n)]§
521(1‘)) - Hin=1(p+pi) (26)
with
o .1 i-Dm
p; = j cos [sm jn + - ] (2.7)
n = sinh (% sinh_li) (2.8)

All the transmission zeros of the transfer function are located at infinity. Therefore,
chebyshev filters are known as all pole filters. The poles of the chebyshev filter are located
on an ellipse in the left half plane with major axis of size \/TT?Z on the jQ-axis and
minor axis of size 1 on the c-axis [3]. For a 5" order chebyshev filter, the pole distribution

is shown in figure 2.2 [3]. Lowpass prototype filters generally have the element values

normalized to make the source resistance equal to one (g, = 1), and the angular cutoff
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frequency Q. =1 (rad/sec). Generally, n-pole lowpass prototype for Butterworth,
Chebyshev and Gaussian responses have two forms that give the same response. The forms
are dual from each other and are shown in figure 2.3.
ot
oI
® ne

® 1+

Figure 2.2: Pole distribution for chebyshev response [3].

where g;° for i = 1 to n in figure 2.2 represents series inductor or shunt capacitor, where n
is the order of the filter and represents the number of reactive elements in the prototype
structure. g, is known as the source resistance or inductance, whereas g,,,, is defined as

the load resistance or the load conductance.

8a

(n even) (1 odd)

(a)

)

Yl or Lon

(n even) (n odd)

(b)

Figure 2.3: Lowpass prototype filters for all-pole filters with (a) a ladder network structure, and (b)
its dual.

2.3 Chebyshev Lowpass Prototype Filters:

The component values can be calculated with the following rules [1]
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go =1, (2.9)

2 . T
g1 = ;Sll’l (5) ) (2.10)
. ((2i-Dm . (2i-3)m
1 4 Sln( o ) sinC—, =) . _(Qi-n

;= - Sin , 2.11
gi 9i-1 Y2+ sinz(g) ( 2n ) (2.11)
Fori=2ton

1 for oddn

In+1 {coth2 (g) for evenn, (2.12)
where,

_ LA,r I ﬁ
B = Infcoth (22)] and y = sinh ().

The element values for chebyshev lowpass prototype network for passband ripple L,, =
0.1 dB are given in Table 2.1 for filter orderof n =110 9, g, = 1, and Q. = 1. The order
of the filter is determined according to the required specifications; such as the minimum
stopband attenuation L, dB at Q = Qg for Q; > 1 and passband ripple L4, dB. The order

of Chebyshev lowpass prototype response is calculated by [3]:

Table 2.1: Element values for Chebyshev lowpass prototype for L,,- = 0.1 dB.

n g & g3 ga s e g7 8s 2o gio
1 0.3052 1.0

2 0.8431 0.6220 1.3554

3 1.0316 1.1474 1.0316 1.0

4 1.1088 1.3062 1.7704 08181 1.3554

5 1.1468 1.3712 1.9750 13712 1.1468 1.0

0 1.1681 1.4040 2.0562 1.5171 1.9029 0.8618 1.3554

7 1.1812 1.4228  2.0967 1.5734  2.0967 1.4228 1.1812 1.0

8 1.1898 14346 21199  1.6010  2.1700 1.5641 1.9445 08778 1.3554

9 1.1957 [.4426 2.1346 1.6167 2.2054 1.6167 2.1346 1.4426 1.19537 1.0

n > (2.13)

Impedance scaling and frequency transformation are applied to the lowpass prototype
structure. Impedance scaling adjusts the value of g, to the value of source impedance Z,,,

and hence removes the normalization of g, = 1. Impedance scaling factor y, is defined as
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Yo = Zo/g, for g, being resistance, and y, = go,/Y, for g, being conductance. The
impedance scaling is applied on the filter network as follows [3]:

L—>y,lL C—>C/yo R—> Ry, G—> Gy,
2.4 Transformation to Bandpass Filter:

The previous observation was done for lowpass implementation. A transformation to
bandpass is needed for getting bandpass characteristics. In the transformation, the
component L will be converted to serial combinations of Lg and C,, whereas the component
C becomes parallel combination of L, and Cp. With the cut-off frequencies w; and w, as
lower and upper boundary, we can calculate the center frequency and the fractional
bandwidth as follows [1]:

wy = Vo w,; and FBW =222

Wo

and the values for the new components are,

Ls = (FBVIl/.a)O) Z0-9, (2.14)
C, = (F 5 :V)Zoig (2.15)

for the serial combination, and

Cp = (FBVIl/'.a)O)Z% ' (2.16)
L= ()2 @

for the parallel combination.

where Z, is the value of the load impedance, normally set to 50 Q. The lowpass prototype
to bandpass element transformation is shown in figure 2.4 [3]. The transformation of the
lowpass prototype of the circuit shown in figure 2.3 to bandpass is shown in figure 2.5 [4].
The J and K inverters are used to convert the previous circuit to an equivalent form that is
more suitable for implementation. The use of J inverters makes the circuit with only
parallel resonators as shown in figure 2.6(a), whereas the use of k inverters makes the

circuit with only series resonators as shown in figure 2.6(b). The J and K inverters are
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called immittance inverters, and there are various forms that operate as immitance

invertors [4].

g L C.
o— I —0 3 o—(TI— }—o

=g — L, C,

o

Figure 2.4: Basic element transformation from lowpass prototype to bandpass

N
LR,

Figure 2.5: Lumped element Bandpass filter.

The J inverters in figure 2.6(a) can be replaced by =n-type capacitors and the resulting
circuit will contain shunt resonators connected by series capacitors as shown in figure
2.7(a), and the capacitors represent capacitive coupling coefficients between adjacent
resonators. Similarly, the K inverters can be replaced by inductors and the resulting circuit
will contain series resonators connected by parallel inductors as shown in figure 2.7(b),

and the inductors represent inductive coupling coefficients between adjacent resonators

SEl e e

Rk Pl e W
& it

K1 K2 K3 Kn| Rt

(b)
Figure 2.6: Bandpass filter using (a) J-Inverters. (b) K-inverters.



The lumped LC resonators shown in figure 2.7 can be replaced by distributed circuits such
as microwave resonators, but this is convenient only for narrow band filters because the
reactances or susceptances of the microwave resonators are approximately equal to those
of lumped elements only near resonance, which is a small frequency range [4].

MO %"%

(b)
Figure 2.7: Bandpass filter circuits (a) capacitive coupling between resonators (b) inductive

coupling between resonators.
2.5 Prototype k and g values:

Define k and g as prototype values, where k represents coupling between two resonators,
and g represents the external coupling. The g prototype values can be derived from

prototype g vales as follows [4]:

d1 = 9o91 (2.18)

(2.19)

8n8n+1, fOr neven,
qn={ L, fornodd,

8n+1

where g, and q,, are related to the input and output coupling respectively. The k prototype

value is derived from prototype g values as follows:

1
Kiiry = ———— ori=1ton—1, 2.20
,i+1 m f ( )

Both k and g are normalized to a unity fractional bandwidth (FBW = 1), the actual values

for k and g are denormalized as follows:

BW
K;j= Ki,j? . (2.21)

fo fo

Q1 = Chmr and Qn = Qnﬁ , (2.22)
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where f, is the centre frequency of the bandpass filter and BW is the absolute bandwidth.
Q is known as the external quality factor, and the external coupling coefficient is equal to
K, =1/Q. The design of bandpass filters is straightforward and is based on the g
prototype values.

2.6 Coupled — resonator filter:

There is a general technique for designing coupled resonator filters that can be applied to
the design of microstrip filters. This design method is based on coupling coefficients of
intercoupled resonators and the external quality factors of the input and output resonators
[3]. In general, the coupling coefficient of coupled RF/microwave resonators, which can be
different in structure and can have different self-resonant frequencies (see Figure 2.8), may

be defined on the basis of the ratio of coupled energy to stored energy [3], i.e.,

‘?}/;\;Coupling Q\Q‘
i, H,
Resonator 1 Resonator 2
E E

Figure 2.8: General coupled RF/microwave resonators where resonators 1 and 2 can be different in
structure and have different resonant frequencies.

k = JIf €E4.E; dv + [ff uH,.H, dv
Jfff e|Eq|” dvx If e|E,| dv J I wHy |* dvx fff u|H, |* dv

(2.22)

where E and H represent the electric and magnetic field vectors, respectively.

The first term on the right-hand side represents the electric coupling and the second term
the magnetic coupling, a positive sign would imply that the coupling enhances the stored
energy of uncoupled resonators, whereas a negative sign would indicate a reduction.
Therefore, the electric and magnetic couplings could either have the same effect if they
have the same sign, or have the opposite effect if their signs are opposite. Obviously, the

direct evaluation of coupling coefficient from equation (2.22) requires the knowledge of
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the field distributions and needs to perform the space integrals. This would never be an
easy task unless analytical solutions of the fields exist [3].

On the other hand, it would be much easier to find some characteristic frequencies that are
associated with the couplings. The coupling coefficient can then be determined if the
relationships between the coupling coefficient and the characteristic frequencies are
established. In what follows the formulation of such relationships derived [3].

Before processing further, it might be worth pointing out that although the following
derivations are based on lumped element circuit models, the outcomes are also valid for
distributed element coupled structures on a narrow-band basis [3]. Figure 2.9 shows the

different types of coupling which could be electric coupling, magnetic coupling or mixed

coupling.
L. /Cm\ L: L o, ! 2. Ls
L] 1]
‘ q-ll -I—Jicz |::> |_rv‘ =C,C. i CrCo=F ra\—‘
|
|
(a)
G S Rk B

-

| m
=
i

[ Lo |

(b)

()

Figure 2.9: Inter-coupling between coupled resonators. (a) Coupled resonator circuit with electric
coupling. (b) Coupled resonator circuit with magnetic coupling. (¢) Coupled resonator circuit with
mixed electric and magnetic coupling.

2.6.1 Coupling Matrix For Coupled-Resonator Filters:

Coupled resonator circuits are the basis for the design of bandpass microwave filters. The
general coupling matrix of n-coupled resonators and a detailed derivation of the general
coupling matrix and its relation to the scattering parameters are presented in the next
sections. In a coupled resonator circuit, energy may be coupled between adjacent
resonators by a magnetic field or an electric field or both as shown in figure 2.9 [3]. The
coupling matrix can be derived from the equivalent circuit by formulation of impedance

matrix for magnetically coupled resonators or admittance matrix for electrically coupled

22



resonators. This approach has been used to derive the coupling matrix of an n-coupled
resonators circuit. Magnetic coupling and Electric coupling will be considered separately
and later a solution will be generalized for both types of couplings [3].

In the case of magnetically coupled resonators, as shown in figure 2.10 using Kirchhoff's
voltage law, the loop equations are derived from the equivalent circuit, and represented in
impedance matrix form. Similarly, for electrically coupled resonators, using Kirchhoff's
current law, node equations are derived from the equivalent circuit, and represented in

admittance matrix form [3].

Figure 2.10: Equivalent circuit of n-coupled resonators for loop-equation formulation [3].

2.6.1.1 Circuits with magnetically coupled resonators:

Suppose only magnetic coupling between adjacent resonators, the equivalent circuit of
magnetically coupled n-resonators with multiple ports is shown in Figure 2.10, where i
represents loop current, L, C denote the inductance and capacitance, and R denotes the
resistance (represents a port). It is assumed that the signal source is connected to resonator
1. It is also assumed that the coupling exists between all the resonators [3].

Using Kirchhoff's voltage law, the loop equations are derived as follows,

. 1), . . . .
(R1 +jwl, + E) i1 — JWLq5iy ... — jWwLqui, = e,

. . . 1 . . .
_]Wlell + (]WLZ + E) ly ... _]WLann = 0, (223)

: . . . . 1.
—JjwLy iy — jwlypis + - + (Rn + jwL, + m) i, =0,

where L., = L,, denotes the mutual inductance between resonators a and b. The matrix

form representation of these equations is as follows,
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R1 +_]WL1 + - ! _jWle _jWLlTl
jwCq il e
—jwLy, jwL, + ,W;cz —jwLyy, [ s ] = [0] , (2.24)
. . . 1 (L 0
| —jwln —jwL,, R, +jwL, + e "

or equivalently [Z].[i] = [e], where [Z] is the impedance matrix. Assuming all resonators

are synchronized at the same resonant frequency w, = 1/VLC, where L =L, =L, =

- Cn, the impedance matrix [Z] can be expressed by [Z] =

woL. FBW.[Z] where FBW is the fractional bandwidth, and [Z] is normalized impedance

matrix, given by [3],

[ R1 + P jWle 1 jWLln 1 7
woL(FBW) wol FBW wol FBW
_jwly; 1 p _ jwlan 1

[Z] = wol FBW wol FBW |, (2.25)
WL 1 WL 1 R

__JWiny __JWina __hkn + P

L wolL FBW wol FBW woL(FBW) |

. j w wo - .
with P = — (— — —) is the complex lowpass frequency variable.
FBW \wq w

Defining the external quality factor for resonator i as Q.; = wyL/R;, and the coupling
coefficient as M;; = L;;/L, and assuming w/w, ~ 1 for narrow band approximation, 2]

is simplified to,

1 . .
fq—el +P —jmy, —jman |
[Z] = | —ima1 P . —jMap (2.26)
. . 1
I__]mnl —]Mp2 a + PJ

where q.; is the scaled external quality factor (q.; = Qc;- FBW) and m;; is the normalized
coupling coefficient (m;; = M;;. FBW). The network representation for the circuit in
Figure 2.11, considering only two-ports, is shown in Figure 2.10, a4, b,, a,, b, where are
the wave variables, V;,1,,V,, I, are the voltage and current variables, it can be identified

that I, = iy, 1, = —i, and V; = e, — i; R, then we have,
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Figure 2.11: Network representation for the Equivalent circuit of magnetically n-coupled
resonators in N-port network
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a, = 0 » b2 =ln RTl' (227)
and hence,
b 2/R{R, i
Sy1=">la, = ——:nln,
S
b )
511—_1 a2=0=1_%, (228)
a €s
Solving (2.24) for i, and i,, , we obtained,
_ €s T71-1
1 a)OL.FBW[ ey
€g T71-1
=——[Z],1 (2.29)

where mi—]; denotes the ith row and jth column element of [Z]~. Substituting (2.29) into

(2.28) yields,

—1__ 2R T2
and S1=1 wOLFBM/[ 111, (2.30)

1 T —
521 = zm[z]nll'
2 Toa—
S =1-—[ZI1{ , (2.31)



where q.; and q., are the normalized external quality factors at the first and last
resonators, respectively. In case of asynchronously tuned coupled-resonator circuit,

resonators may have different resonant frequencies, and extra entries my; are added to the

diagonal entries in [Z] to account for asynchronous tuning as follows,

- 1 . . . .
q_e1+P —Jjmqp My —JMin
ﬁ — _ijI p _ijTl (232)
N N C o
—JMn1 —JMnp2 —+p- JMnn |

en

2.6.1.2 Circuits with electrically coupled resonators:

This section presents the derivation of coupling coefficients for electrically coupled
resonators in an N-port circuit, where the electric coupling is represented by capacitors.
The normalized admittance matrix [Y] will be derived here in an analogous way to the
derivation of the [Z] matrix in the previous section. Figure 2.10 (a) shows the equivalent
circuit of electrically coupled n-resonators in an N-port network, where v; denotes the node
voltage, i, represents the source current and G represents the conductance. According to
the current law which is the other one of Kirchhoff’s two circuit laws and states that the
algebraic sum of the currents leaving a node in a network is zero. Using this law, the node

voltage equations are formulated as follows [3],

. 1 . . .
(G1 + jwCy + m) vy — jwCqioV5 ... — jwCinv, = i,

. . 1 .
—jwCiv1 + (]WCZ + m) Vy ... —jwCrv, =0, (2.33)

. . . 1
—jwCp1v1 — JWCpovst ... +(Gn + jwC, + E) v, = 0,

where C,;, = C,, denotes the mutual capacitance between resonators a and b. The matrix

form representation of these equations is as follows,
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- . 1
G, + jwC; + E —jwCy, —jwCin - i
. ] 1
—jwCi, jwC, + ol JwCsyy, [ _ |0 (2.34)
. o Up 0
—jwCyy wCpo G, +jwC, + e

or equivalently [Y].[v] = [i], where [Y] is the admittance matrix.
Assuming all resonators are synchronized at the same resonant frequency w, = 1/VLC,

where L=L, =L, =--L, and C = C; = C, = ---C,, the admittance matrix [Y] can be

expressed by [Y] = w,C. FBW.[Y], where FBW is the fractional bandwidth, and [Y] is the
normalized admittance matrix, given by [10],

Gy

jWC21 1
a)OC FBW

jwCy, 1
woC FBW

+ P

jWC12 1

P

jWan 1

woC FBW

jwCin 1 1

jWCZn 1
(1)0C FBW

n__ 4 p

woC(FBW) |

(2.35)

where P is the complex lowpass frequency variable.
By defining the coupling coefficient as M;; = C;;/C, and the external quality factor for the
resonator as Q,; = w,C/G;, and assuming w/w, =~ 1 for narrow band approximation, the

normalized admittance matrix [Y] may be simplified to,

-1 . . .
T +p —Jmy —]M1n
. . 1 .
__]mnl ALY — + p

where q.; = Q.;. FBW is the scaled external quality factor, and m;; = M;;. FBW is the
normalized coupling coefficient.
The network representation for the circuit in Figure 2.12, considering only two-ports, is

shown in Figure 2.10 (), a4, b1, a,, b, wWhere are the wave variables, V;,1;,V,, I, are the
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voltage and current variables, it can be identified that V;, = v,,V, = —v, and I, = i —

v, G, then we have,

iS 217161 - iS
a = ) o —— )
PN /G
a, = 0 ) bz = Unp+/ GTL . (236)
(zl_.-i I, I iq_az
G, Two-oor
. wo-port n-coupled G
L (D g ivl resonator filter V2 § n
bl"—\':' ?_'1?2

Figure 2.12: Network representation for the Equivalent circuit of electrically n-coupled resonators
in N-port network.

b, 2, GG, vy,
Spp=—lag=0= —— ,
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511=ﬁa2=0=m—1. (237)
a, ig
Solving (2.34) for v, and v,, , we obtained,
_ s Vakr,
1™ woC.FBW V1117
is Toi—
=——[Y];1, (2.38)

where [Y] i‘jl denotes the ith row and jth column element of [Y]~1. Substituting (2.38) into

(2.37) yields,

2./G,G,

S, = —7—1
21 woC.FBW [Y]h1
_ 261 Ty7-1
S11= wOC.FBW[ I —1 (2.39)



For the external quality factors q.; = w,C. FBW /G;, the S-parameters become,

Sy1 =2 [Y]7_111

1
v de1-9en

Si, = i[ Il -1 (2.40)

where g.; and q., are the normalized external quality factors at the resonator, In case of

asynchronously tuned coupled-resonator circuit, resonators may have different resonant

frequencies, and extra entries m;; are added to the diagonal entries in [Y] to account for

asynchronous tuning as follows,

q_el +p—jmy; —jmyy e —jMmyn
Y] = _jT:'121 p _{mzz —j7;n2n (2.41)
) ) 1 o
| —]My1 — My a +p _]mnn_

2.6.1.3 General coupling matrix:
From previous derivations in the last two sections, the most notable is that the formulation
of normalized impedance matrix [Z] is identical to that of normalized admittance matrix

[Y]. Accordingly, a unified solution may be formulated regardless of whether the couplings
are magnetic or electric or even the combination of both. So the S parameters of the n-

coupled resonator filter may be generalized as [3],

521 N 2\/ Qe:-Qen mr_lll

S =+ - [l (2.42)
with

[A] = [q] + p[U] — j[m] (2.43)

where [U] is the n X n unit or identity matrix, [g] is an n x n matrix with all entries zeros,
except for q;; = 1/q., and q,,, = 1/q.,,, [m] is so-called general coupling matrix, which

is an n X n reciprocal matrix (mij = mﬁ) and is allowed to have nonzero diagonal entries
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m;; for an asynchronously tuned filter.
As this is clearly impractical, it is usually necessary to perform a sequence of similar
transformations until a more convenient form for implementation is obtained. A more

practical synthesis approach will be presented in the next chapter.

2.7 Optimization:

For design of filters, the computer-aided analysis techniques are used to evaluate filter
performance. The sequence of filter analysis, comparison with the desired performance,
and modification of designable parameters is performed iteratively until the optimum
performance of the filter is achieved. This process is known as optimization [3].

Optimization techniques, generally share a common aim of minimization of a scalar cost
function U(®), where @ is a set of parameters known as control variables. At each iteration
in the optimization process, some or all values of @ are modified, and the cost function is
evaluated. This is repeated until an optimal solution is found such that the cost function is
minimized [6]. The control variables may be either unconstrained, so that the search space
is unbounded, or constrained by lower and upper limits to prevent the optimization
algorithm from giving an unfeasible solution. In microwave coupled resonator
optimization problems, the cost function of many variables depends on two methods, local

optimization methods or global optimization methods.

Local optimization methods depend on the initial values of the control parameters. The
initial estimation should be given as an input to the algorithm that will search on a local

minimum within the local neighborhood of the initial estimation.

Global optimization algorithms generally do not require initial estimation for the control
variables, and generate their own initial values, and they search on the global minimum
within the entire search space.

In comparison to local methods, global optimization methods are much slower and may
take hours or even days to find the optimal solution for problems with tens of variables.
Global algorithms tend to be utilized when the local algorithms are not adequate, or when
it is of great importance to find the global solution [6].

There is a large number of optimization methods, for global optimization method, we used
Genetic algorithm [3], but for local optimization method we used both Nelder Mead

Simplex algorithm and Interpolated Quasi Newton [7]. All these optimization techniques
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are available in simulation software CST that has been utilized in the design as will be

shown later in next chapters.

2.7.1 Cost Function:

The problem of optimization may be formulated as minimization of the cost
function U(®), because it represents the difference between the performance achieved at
any stage and the desired specifications. In the case of a microwave filter and multiplexer,
the formulation of U(@) may involve the specified and achieved values of the insertion
loss and the return loss in the passband, and the rejection in the stopband. @ is the set of
designable parameters whose values may be modified during the optimization process.
Elements of @ could be the values of capacitors and inductors for a lumped-element or
coupling coefficients for a coupled resonator circuit [3].

Usually, there are various constraints on the designable parameters for a feasible solution
obtained by optimization. For example, available or achievable values of lumped elements,
the minimum values of microstrip line width, and coupled microstrip line spacing that can
be etched. The elements of @ define a space. A portion of this space where all the
constraints are satisfied is called the design space D. In the optimization process, we look
for optimum value of @ inside D. A global minimum of U(®), located by a set of design

parameters @,,,, is such that [3]:

Umin = U(®min) < U(®) , (2-44)

for any feasible @ not equal to @,,;,. However, an optimization process does not generally
guarantee finding a global minimum but yields a local minimum, which may be defined as

follows:

U(@min) = minimizegep, U(D), (2.45)

where D; is a part of D in the local vicinity of @,,;,. If this situation happens, one may
consider starting the optimization again with another set of initial designable parameters,
or to change another optimization method that could be more powerful to search for the

global minimum, or even to modify the objective function.
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Summary:

In this chapter, the theory of filter design is studied. The design starts from a lowpass
prototype circuit that is then transformed to bandpass circuit. Theory of coupling has been

presented as well as optimization techniques that are used in the filter deign.
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Chapter 3

Microstrip Lines and Hairpin Resonators

3.1 Microstrip Transmission Line:

Microstrip transmission line is the most used planar transmission line in radio frequency
(RF) applications. The planar configuration can be achieved by several ways, for example
with the photolithography process or thin-film and thick film technology. As other
transmission line in RF applications, microstrip can also be exploited for designing certain
components, like filter, coupler, transformer or power divider [1].

The microstrip structure consists of a conducting strip with thickness t and width W
located on top of a dielectric material (substrate) with dielectric constant ¢, and height h as

shown in figure 3.1. The bottom of structure is a ground (conducting) plane [2].

[:'nnrlucring strip |14 4

\

Ground plane

Diclectric substrate

]

Figure 3.1: Microstrip structure

3.1.1 Waves in Microstrips:

The fields in the microstrip extend within two media, air above and dielectric below so that the
structure is inhomogeneous. Hence microstrip transmission lines do not support pure TEM

waves [2]; figure 3.2 shows the behavior of electric and magnetic field lines [3].

i

-~ -
~ ™,

- -

g, Al
e/ /7T
& /(]

Figure 3.2: Electric and magnetic field lines.
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3.1.2 Effective Dielectric Constant and Characteristic Impedance:
Transmission characteristics of microstrips are described by two parameters, namely, the
effective dielectric constant &,., and characteristic impedance Z., and they are determined

from the values of two capacitances as follows [2]:

C
gre:c_Z' (3.1)
- 3.2
C_C\/E’ ()

where:

Cq: The capacitance per unit length with the dielectric substrate present.

C,: The capacitance per unit length with the dielectric substrate replaced by air.

c: The velocity of electromagnetic waves in free space (c = 3.0 x 108 m/s).

For very thin conductors (t = 0), equations for dielectric constant and characteristic
impedance that provides accuracy better than 1% are as follows [2]:

ForW/h<1:

Ere = T + 5”2‘1{(1 + 12%)_0'5 +0.04 (1 - %)2} | (3.3)

Z,=—1—In (%+0.25%) , (3.4)

2T/ Ere

where n = 1207 ohms is the wave impedance in free space.

For W/h > 1:
_ —-0.5
£re = T 4 T (1 +12 %) , (3.5)
-1
Z, =+ {% +1.393 + 0.677In (% + 1.444)} , (3.6)

3.1.3 Guided Wavelength and Propagation Constant:

The guided wavelength in mm of the quasi-TEM mode of microstrip is given by [2]:

300

Ag = mmm (3.7)

where f is the operation frequency in GHz.
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The propagation constant £ can be determined by [2]:

B=— (3.8)

3.1.4 Phase velocity and Electrical Length:
The phase velocity v, can be determined by [2]:
c

w
= &9

The electrical length 6 for a given physical length I of the microstrip is defined by [2]:

0=40, (3.10)

Therefore, 8 = m/2whenl = A,/4, and 6 = m when | = A,/2, these quarter wavelength

and half-wavelength microstrip lines are important for design of microstrip filters.

3.1.5 Synthesis of W/h:
For a given characteristic impedance Z,. and effective dielectric constant ,., and substrate
thickness h, the equations used to calculate the strip width (W) are as follows [2]:

ForW/h < 2:
w_ 8 exp(4)

= oD (3.11)
with
Z. (64105 g—1 0.11
A= (=) +&H@2&+&}, (3.12)

ForW/h = 2:

w2 g1 0.61

7_;{(B—D—m(ZB—l)+—2;[ln(B—1)+0-39—ET]},(3-13)
with,
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B = : (3.14)

3.2 Resonators:

A resonator is a device that stores energy, but in two different ways. The system resonates
by exchanging the energy stored from one way to another. In a LC resonator the energy is
exchanged between the inductor, where it is stored as magnetic energy, and the capacitor,
where it is stored as electric energy. Resonance occurs at the frequency where the average
stored magnetic and electric energies are equal [4].

There are numerous forms of microstrip resonators. In general, microstrip resonators for
filter designs may be classified as lumped-element or quasi lumped-element resonators and
distributed line or patch resonators. Some typical configurations of these resonators are
illustrated in figure 3.3 [2]. In this project the resonator used is the hairpin (U-shaped)

resonator as explained in the next section.

(c) ()

(g) ()
Figure 3.3: Some typical microstrip resonators: (a) lumped-element resonator; (b) quasilumped
element resonator; (c) 44,/4 line resonator (shunt series resonance); (d) 4,4,/4 line resonator (shunt
parallel resonance); (€) 44,/2 line resonator; (f) ring resonator; (g) circular patch resonator; (h)
triangular patch resonator.
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3.2.1 Hairpin Resonator:

The hairpin resonator filter is one of the most popular microstrip filter configurations used
in the lower microwave frequencies. It is easy to manufacture because it has open-circuited
ends that require no grounding. Its form is derived from the edge-coupled resonator filter
by folding back the ends of the resonators into a “U” shape; this reduces the length and
improves the aspect ratio of the microstrip [6]. Moreover, this resonator structure has the
advantage of compact size and low cost.

Figure 3.4(a) shows a conventional hairpin resonator that may be miniaturized by loading a
lumped-element capacitor between the both ends of the resonator, as indicated in figure
3.4(b), or alternatively with a pair of coupled lines folded inside the resonator as shown in
figure 3.4(c) [2].

(a) (b) (c)
Figure 3.4: Structural variations to miniaturize hairpin resonator. (a) Conventional hairpin

resonator. (b) Miniaturized hairpin resonator with loaded lumped capacitor. (c) Miniaturized
hairpin resonator with folded coupled lines.

Tapped line input and coupled line input are the two types of hairpin structures that are
commonly used in filter realization and are shown in figure 3.5 (a) and (b) respectively.
Tapped line input has a space saving advantage over coupled line input, while designing
the coupling line is required for the input and output high external quality factor [2].

In this thesis, the filter is designed to have input and output tapped lines. The tapped lines

are chosen to have characteristic impedances of 50 Q.

3.2.2 Hairpin Coupling Structures:

The three basic coupling structures are shown in figure 3.6. The coupled structures result

from different orientations of a pair of identical hairpin resonators. It is clear that any
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coupling in those coupling structures is that of the proximity coupling, which is, basically,
through fringe fields [9]. The nature and the extent of the fringe fields determine the nature
and the strength of the coupling. It can be shown that at resonance, each of the hairpin
resonators has the maximum electric field intensity at the side with an open side, and the
maximum magnetic field intensity at the opposite side.

Because the fringe field exhibits an exponentially decaying character outside the region,
the electric fringe field is stronger near the side having the maximum electric field
distribution, while the magnetic fringe field is stronger near the side having the maximum
magnetic field distribution [9].

UnunuLE
unununur

(b)

Figure 3.5: Hairpin Structures. (a) Tapped line input Hairpin filter. (b) Coupled line input
Hairpin filter.

The electric coupling can be obtained if the open sides of two coupled resonators are
proximately placed as figure 3.6 (a) shows, while the magnetic coupling can be obtained if
the sides with the maximum magnetic field of two coupled resonators are proximately
placed as figure 3.6 (b) shows. For the coupling structure in figure 3.6 (c), the electric and
magnetic fringe fields at the coupled sides may have comparative distributions so that both
the electric and the magnetic couplings occur [2]. In this case the coupling may be referred

to as the mixed coupling.

2 o Ul

Figure 3.6: Basic coupling structures of coupled microstrip hairpin resonators. (a) Electric
coupling structure. (b) Magnetic coupling structure. (c) Mixed coupling structure.
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3.2.3 Unloaded quality factor:

The unloaded quality factor Q,, is a figure of merit for a resonator. It describes the quality
of the resonator in terms of losses and energy storage. For example, a high Q resonator
implies low energy loss and good energy storage, whereas a low Q implies higher losses. A

general definition for the Q,, that applies to any type of resonator is [2],

Time - average energy stored in the resonator

Qu=w (3.15)

Average power lost in the resonator

The losses in a resonator can generally be associated with the conductor, dielectric
material, and radiation. The total Q, may be defined by adding these losses together as
follows [2],

—_— =4 —4—, (3.16)

where Q. , Q; and Q, are the quality factors associated with losses from conductor and
dielectric making up the resonator and radiation from the cavity. The loaded quality factor
Q, may be defined in terms of the unloaded quality factor Q,, and the external quality

factor Q, as follows [10],

1 1 1
—=—4—, (3.17)
QL Qu Qe

where Q. is the quality factor associated with effective losses through the external coupling
circuit, and it is defined as the ratio of the energy stored in the resonator to the energy
coupled to the external circuit. The extraction of the external quality factor from the
physical structure will be described in the next section. The conductor quality factor is
adversely proportional to the surface resistance of the conductor sheets. At low

frequencies, the total dc resistance of hairpin is defined as [7]:
Rj. =—, (3.18)

where [ the total length of the conductor, W is the track width of the hairpin, t is the
thickness, and ¢ is the conductivity of the conductor. At high frequencies, the resistance is
defined as [7]:
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l
Ryf=—FT. (3.19)
Wch(l—eS)

where § is the skin depth and is defined by [8]:
6= |— (3.20)

The dielectric quality factor Q, is adversely proportional to the loss tangent of the
dielectric substrate. For a substrate with very high resistivity, the loss tangent is very small,
and the ohmic losses in the dielectric material are very small, whereas for a substrate with
very low resistivity, the electric field penetration inside the substrate is limited and the
ohmic losses take place in this case [7].

The radiation quality factor Q,. is generally defined as [2]:

Time - average energy stored in the resonator

Qr=w (3.21)

Average power radiated

Normally, the filters are shielded in housing walls, so the power radiated will be lost in

the imperfect conducting walls [2].

3.2.4 Extracting internal coupling coefficients:

Coupling between resonators may be electric, magnetic and mixed coupling. At the same
resonant frequency, the coupled resonators are synchronously tuned, while when they are
different, the coupled resonators are asynchronously tuned. The general formula to extract

any coupling coefficient for tuned coupled resonators is as follows [2]:

2
I = il(fo_z n @) (f{z—fil) _ (fozz_fozl)z | (3.22)
2 \for Joz fp2tip foz o1

where fo; = wo;/2m and f,; = w;/2mi=1,2.

For synchronous tuned coupled resonators, f,; = fo, then [2]:
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2 2
fpz_fpl
—_— 2 2 1
fp2+fp1

k = (3.23)

where f,, is the lower frequency of the band and f,,, is the upper frequency.

The coupling coefficient sign depends on the coupling structure of the coupled resonators.
When using CST microwave studio EM simulator, the coupling between any pair of
resonators is controlled by the spacing between the resonators. The coupled pair of the
resonators is excited by weak coupling from ports as in figure 3.7.

Then, the two resonant peaks resulting from coupling between the two resonators can be
observed from the EM-simulated frequency responses as shown in figure 3.8. The coupling

coefficient can then be calculated using equation (3.22).

| | | | B

Figure 3.7: Two coupled hairpin resonators.

o |

S /fl A

el SN N

- 60— \
-70 —
> Frequency

Figure 3.8: Amplitude response of S, for two coupled resonators.

3.2.5 Extracting external quality factor:

From the input/output (1/0O) coupling structures for coupled microstrip resonator filters, namely

the tapped line as shown in figure 3.9, the external quality factor is computed by [2]:

f
Qe = °

= — 3.24
Afzap ( )
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where:
fo: is the resonant frequency.
Afs45: 1s the 3-dB bandwidth for S,; as in figure 3.10.

Using CST Microwave studio, the resonator is excited at port 1 through a 50 Q coupled
line, and port 2 is coupled weakly to the resonator. The 3-dB bandwidth of the magnitude
response of S,, is then found for extracting the external quality factor Q. .The external
quality factor Q, can then be calculated from the simulated S,; response using equation
(3.24).

—

Figure 3.9: Tapped line external coupling

1524

— 0.707 [Syy (el

- red

Figure 3.10: Amplitude response of S, for externally coupled resonator.

After this work, we will go to the next chapter to the design and simulation of the
microstrip hairpin filters that will be used to design our DCS/ UMTS/ LTE triplexer and
UMTS/ LTE diplexer.
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3.3 Summary:

In this chapter, the design equations of microstrip transmission line are presented. There
are different types of resonators presented, and we explained why we used the hairpin
resonator in the thesis. The difference between electric, magnetic and mixed coupling and
how to use each of them is explained. Extracting internal and external coupling coefficients
between resonators theoretically and practically using CST microwave studio is explained.
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Chapter 4

Filter Simulation and Analysis

In this chapter, we will present the design of hairpin filters for DCS, UMTS and LTE
systems. The coupling coefficients and the external quality factors will be computed for
each filter.

4.1 DCS Filter:

A bandpass microstrip 5-pole filter with a fractional bandwidth 9.48% at a center
frequency 1.793 GHz is designed for DCS system. RT/ Duroide 6006 substrate with height
1.27 mm, effective dielectric constant ¢,, = 6.15, is chosen for the design. The
input/output impedance of the feeding lines is 50 Q and the resonator characteristic
impedance is 68.3 Q.

Forn =5, from table 2.1, the g-values are as follows:

go=9¢=1
g1 = 9gs = 1.1468
gs = 1.975

9o = 9ga = 1.3712

The equality between g, = g4, 9. = gs, g, = g4 IS because of symmetry.

Wave length (1) = - &:mejggx —=67.4694mm 2 =133.7347
External coupling: Qp; = Qo5 = ig‘aj = % = 12.0953

ko = ks =Qiﬂ=Qieszo.0827
Internal coupling: k, = k, = % = 0.0756

ky = ks = % = 0.0576

The calculated external quality factors and the coupling coefficients are achieved by
utilizing CST simulation software as follows:
e External quality factor:

From figure 4.1, the external coupling coefficient is,
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Figure 4.1: DCS External coupling: (a) resonator design (b) S,; response

e Internal coupling coefficients:

1- From figure 4.2, the coefficients between resonator 1,2 and 4,5 are as follows:

ff—f
k12 = k45 = 2 1 72 = 00753
2T T,
SBarameter [Magniude n df] )
! H H ' 01
' N
2 i | | |
a0 ; ; ; ;
EE] ——
Ell i i : i
=1L P
e
RENE .
. R s
9 f 3 3 3
05 8 i 12 14 16 2 )]
Frequency | GHz
@) (b)

Figure 4.2: DCS Internal coupling coefficients: (a) Resonator 1, 2 and 4, 5 design (b) S,; response

2- From figure 4.3, the coefficients between resonator 2,3 and 3,4 are as follows:
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k23 = k3_4 = ﬁ = 0.0575
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Frequency / GHz
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Figure 4.3: DCS Internal coupling coefficients: (a) Resonator 2, 3 and 3, 4 design (b) S, responses

e The structure of the 5-pole hairpin DCS filter is shown in figure 4.4 and the initial response
is depicted in figure 4.5:

S1

Figure 4.4: DCS 5-pole hairpin filter layout.
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Figure 4.5: DCS 5-pole hairpin filter initial response (a) S;; response (b) S,; response
e After some modifications on the parameters of the filter, using both parameter

sweep and optimization techniques in CST, the final response is shown in figure

4.6. The obtained return loss is about -15 dB and the passband ripple is about -0.13
dB.
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Figure 4.6: DCS 5-pole hairpin filter final response (a) S;, response (b) S, response.
e A comparison between the initial and final parameters is shown in table 4.1.

Table 4.1: DCS initial and final parameters.

Parameter Initial value | Final value
(mm) (mm)
Spacing between the arms of the resonator (S1) 2 2
Spacing between resonator 1,2 & 4,5 (S2) 1.267 1.277
Spacing between resonator 2,3 & 3,4 (S3) 1.487 1.497
Length of the 1% and 5" resonators (P1) 41.5179 41.7179
Length of the 2" and 4™ resonators (P2) 42.3306 42.5306
Length of the 3" resonator (P3) 42.1982 42.3982
Width of the 1% ,2" 3™ 4" and 5™ resonators 1 1
(W1)
Width of the feed input/output (W2) 1.85 1.85

4.2 UMTS Filter:

A bandpass microstrip 5-pole filter with a fractional bandwidth 12.25% at a center
frequency 2.0412 GHz is designed for UMTS system. RT/ Duroide 6006 substrate with
height 1.27 mm, effective dielectric constant of ¢,, = 6.15, is selected for the design. The
input/output characteristic impedance of feeding lines is 50 Q and resonator impedance is
68.3 Q.

Figure 4.7 shows the design of the filter, and figure 4.8 gives us the initial response.
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S1

Figure 4.7: UMTS 5-pole hairpin filter layout.

Figure 4.8: UMTS 5-pole hairpin filter initial response (a) S;; response (b) S,; response.
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As in figure 4.8, the return loss of the initial response is about -12.1 dB and the passband
ripple is about -0.33 dB. This result needs more modifications on the coupling coefficients,
resonator lengths and the external couplings. The final results are presented in figure 4.9
which gives us a return of about -15.5 dB and a ripple passband about -0.1 dB, and table

4.2 shows the initial and final parameters.
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Figure 4.9: UMTS 5-pole hairpin filter final response (a) S;; response (b) S,; response.

Table 4.2: UMTS initial and final parameters.

Parameter Initial value Final value
(mm) (mm)
Spacing between the arms of the resonator (S1) 2 2

Spacing between resonator 1,2 & 4,5 (S2) 0.507597 0.5100223162
Spacing between resonator 2,3 & 3,4 (S3) 0.646088 0.6459310371

Length of the 1% and 5" resonators (P1) 34.2540 33.4244

Length of the 2" and 4™ resonators (P2) 36.8070 35.8779

Length of the 3" resonator (P3) 36.5476 35.7208
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Width of the 1% ,2" 3™ 4™ and 5" resonators L L
(W1)
Width of the feed input/output (W2) 1.85 1.85

4.3 LTE Filter:

A bandpass microstrip 5-pole filter has a fractional bandwidth 7.33% at a center frequency
2.5933 GHz is designed for LTE system. The same RT/ Duroide 6006 substrate used in
previous filters is used here. The input/output characteristic impedance of feeding line is 50
Q and the resonator impedance is 68.3 Q.

Figure 4.10 shows the design of the filter, and figure 4.11 gives us the initial response.

S1

P2 P3

Figure 4.10: LTE 5-pole hairpin filter layout.

As in figure 4.11, the return loss is about -9.6 dB and the passband ripple is about -0.5 dB.
This result needs for more modifications on the coupling coefficients, resonator lengths
and the external couplings. The final results are depicted in figure 4.12 which give a return
loss of about -14.7 dB and a passband ripple of about -0.1 dB, and table 4.4 shows the

initial and final parameters.
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Figure 4.11: LTE 5-pole hairpin filter initial response (a) S;; response (b) S,; response.
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Figure 4.12: LTE 5-pole hairpin filter final response (a) S14 response (b) S, response.

Table 4.3: LTE initial and final parameters.

Parameter Initial value Final value
(mm) (mm)
Spacing between the arms of the resonator (S1) 2.4505 2.4505
Spacing between resonator 1,2 & 4,5 (S2) 1.639 1.67063
Spacing between resonator 2,3 & 3,4 (S3) 1.94 1.953
Length of the 1% and 5" resonators (P1) 29.7105 29.1505
Length of the 2" and 4™ resonators (P2) 30.0005 29.5038
Length of the 3" resonator (P3) 29.9905 29.2944
Width of the 1% ,2" 3" 4™ and 5™ resonators (W1) 1 1
Width of the feed input/output (W2) 1.85 1.85

Now, after the design of the filters is completed, the design of the whole multiplexer will

be shown in the next chapter.

4.4 Summary:

In this chapter, the DCS, UMTS and LTE filters are designed and simulated using CST

Microwave studio software. Each filter has been optimized using CST and the simulation
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results show good filter performance. These filters will be combined together to form
multiplexer as will be presented in the next chapter.
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Chapter 5

Multiplexer Design and Simulation

In this chapter we will discuss the multiplexer theory and the practical design of it. Firstly,
the design of a diplexer for UMTS and LTE channels will be presented, and then the
design of a triplexer for DCS, UMTS and LTE standards will be showed.

5.1 Multiplexer:

Multiplexers are key components of the transceiver for modern wireless or mobile
communication systems. Multiplexers are used to multiplex signals of separate frequency
bands into composite signals prior to transmission, or to demultiplex compound signals
into sub-bands for further processing upon reception [1]. Nowadays, planar circuits are
widely used due to their compact size and low integration cost using the printed circuit
technology. In multiservice and multiband communication systems, diplexers and
triplexers are needed to possess the capabilities of high compactness, light weight, and
high isolation [2], but the drawback of its design that it has higher loss and it is difficult to
tune after fabrication [3].

Basically, a multiplexer is composed of bandpass filters and associated matching circuits,
and thus proper designs of high-performance filters and matching circuits are essential in
the development of a multiplexer [2]. Figure 5.1 shows a typical coupling structure of a

conventional multiplexer with parallel-coupled bandpass filters.

o~ —— PORT2
(1710-1880 MHz)
Matching UMTS
rer Network (1920-2170MHz) [ PORT3
LTE
(2500-2690 MHz) [ FORT4

Figure 5.1: conventional multiplexer with parallel-coupled bandpass filters.

Different techniques have been developed to enhance the multiplexer design. The design of

multiplexer starts from the lumped-element circuit theory, and moves to the distributed
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circuit elements and transmission-line theory, which is more accurate for design and
analysis [4]. We remember that inductances and capacitances cause higher loss for the
filter circuits so those components are not used for designing a band pass filter. Therefore,
microstrip filter structure is designed as a band pass filter [5].

In this thesis, two components are designed; the first is a diplexer for 1920-2170 MHz
UMTS and 2500-2690 MHz LTE systems, and the second is a triplexer operating at bands
of 1710-1880 MHz DCS, 1920-2170 MHz UMTS and 2500-2690 MHz LTE. The devices
are designed by using the Hairpin filters presented in the previous chapter.

The most commonly used distribution configurations are E- or H-plane n-furcated power
dividers, circulators and manifold structures [6]. Figure 5.2 shows the configuration of n-
channel multiplexer with a 1: n divider multiplexing network and figure 5.3 depicts a
circulator configuration, where each channel consists of a bandpass filter and a channel-
dropping circulator [6]. In manifold configurations, channel filters are connected by
transmission lines: microstrip, coaxial, waveguide, etc. and T-junctions. The configuration
of the manifold multiplexer is shown in figure 5.4 [6]. Based on the advantages of its
ability to realize optimum performance for return loss, insertion loss and its compact

design, manifold-coupled multiplexers are widely used [4].

fl*.f‘_’;w-ajv“

1:n Power Divider

Ch1 Ch2 eeeee Chn
l l l
.fl. ,fz jru

Figure 5.2: Configuration of multiplexer with a 1: n divider multiplexing network.

Sodosba NN

< S
Chl Ch2 Chn
! | !
fi S fu

Figure 5.3: Configuration of circulator-coupled multiplexer.
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Figure 5.4: Configuration of manifold-coupled multiplexer.

5.1.1 Literature Review:

Many structures of diplexers and triplexers have been proposed in literature. In [7] a novel
microstrip diplexer for UMTS and GSM is designed. A microstrip resonator with serial
coupling is used to implement this device. As shown in figure 5.5, the modified gap
structure allows adjusting the operating frequency of the filters and reduces the size of the

device.

2 s Port2
Port 1 ‘,‘f""’

2 Port3

Figure 5.5: Microstrip diplexer for UMTS and GSM [7].

In [8], a square open loop with stepped impedance microstrip resonators are used to
implement a compact diplexer, the compact miniaturized two poles square open loop
resonators are used to design filters and a diplexer for IMT-2000 bands application as

shown in Figure 5.6.

Figure 5.6: A compact diplexer using a square open loop [8].
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In [9], a novel microstrip diplexer with a joint T-shaped resonator is proposed. Diplexer is
designed to be used in the UMTS-WCDMA system and it has high isolation and wide
stopband. By using joint T-shaped resonator the diplexer does not require combining

between the circuits and matching networks. The structure is shown in figure 5.7.

Port 1 (Antenna)

otk
i g

Figure 5.7: the diplexer using the T-shaped resonator, R1, to combine two second-order
bandpass filters. Port 1 uses coupled feeding, ports 2 and 3 use tapped feeding [9].

In [10], a microstrip diplexer for UMTS upload and download bands is proposed. The
diplexer is based on a two-pole resonator named H-type resonator. This design has a good
performance and makes strong use of cross coupling to pass energy between ports. The
structure is shown in 5.8.

& 1 2

2T TTIT T
S -

Figure 5.8: A microstrip diplexer for UMTS upload and download bands [10].

In [11], a compact multilayered three-channel multiplexer is proposed. Open-circuited
stubs are utilized as wave trapping circuits to provide port isolation. It provides good

passband responses and port isolations at all three transmission channels. Figure 5.9 shows

the multiplexer structure.
In [12], a compact microstrip triplexer for multiband applications is proposed. In order to
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Figure 5.9: Compact Multilayered Three-Channel Multiplexer [11].

achieve compact circuit size and good isolation level, only two stepped impedance
resonators (SIRs) and two uniform impedance resonators (UIRS) are used and designed.

Figure 5.10 shows the structure.

Resonator 2

dl!
e 1 |1
Port 4 1' n Td" /

""| P“‘du
—| |8,
Resonator 4 J Port 2

B

Port 1 Resonator 1
Figure 5.10: Microstrip triplexer for multiband applications [12].

In [13], a frequency triplexer for ultra-wideband systems utilizing combined broadside and
edge-coupled filters is proposed. It is verified that this kind of combined broadside- and
edge-coupled filters has higher performance than that of conventional edge-coupled filters.

The structure is shown in figure 5.11.

In [5], matching circuits for microstrip triplexers are proposed. The triplexer is based on
half-wavelength tapped-connected stepped-impedance resonators. The stepped-impedance
resonators play important roles for the matching circuits, either to serve as a through pass

at the center frequency of a bandpass filter or to provide a short circuit at the center
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Figure 5.11: A frequency triplexer for UWB systems [13].

frequency of another bandpass filter. The design procedure is simple and the structure is

shown in figure 5.12.
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A 15—
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Port 4

Figure 5.12: Microstrip triplexer [5].
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In [14], a ring manifold for connecting microstrip bandpass channel filters to form a
multiplexer has been developed. All ports are well matched in their passband, and highly
isolated. By modifying the length of the feed lines which connect the filters to the ring, it
has been shown that the filters can be connected to the ring to form a multiplexer without
significant interaction. Experimental results for the multiplexer are given to verify the

technique, and show good agreement with the simulated results. The design is shown in

figure 5.13. P1
&
PR
P2={~ BPF1 i N 4 BPF4 = P5
Ar ey
4 AU
- S S
P3=- BPF2 . ( - BPF3 — P4
| HAR f I |
7RIS /g

Figure 5.13: Four channel filters connected to a ring manifold [14].

5.1.2: Multiplexer Design:

The design procedure of the proposed multiplexer for mobile communication systems is
based on a distributed coupling achieved by central feeding transmission line [15]. Since
the uniform resonators would resonate at multiple fundamental frequencies, to obtain high-
isolation multiplexers, the resonators are properly located with respect to the input and
output feeding lines. Furthermore, because the proposed multiplexer utilizes the distributed
coupling technique, the proposed configuration has a high freedom in choosing passband
frequencies. Figure 5.14(a) shows the UMTS/ LTE diplexer, while figure 5.14(b) shows
DCS/ UMTS/ LTE triplexer. In order to excite the passbands, the couplings between the
resonators and the feeding transmission line should be controlled by the parameters X,
(n=1,2,3,..). Also the vertical distance between the centers of input channels is initially

settond/4 (n = 1,2,...), and then optimized for better performance.
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LTE channel |Port4

X

LTE channel |Port3
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Port3] UMTS channel
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Port2| UMTS channel
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DCS channel |Port2

TX

Port1 Port1
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Figure 5.14: Multiplexer design (a) UMTS/LTE Diplexer. (b) DCS/UMTS/LTE Triplexer.

5.1.3 Multiplexer design flowchart:

The complete design procedure of the multiplexer is illustrated by the flowchart in figure
5.15 and is explained step by step as follows:

Step 1: Starts by theoretical design for DCS/UMTS/LTE filters.

Step 2: Design the filters using the CST Microwave studio EM simulator by adjusting the
internal and external coupling.

Step 3: Import the filters obtained in step 2 as sub-circuits and couple them to the central
feeding line to form the multiplexer.

Step 4: The initial length of the transmission line depends on the wavelength A designed at
lower frequency of the DCS system to the upper frequency of the LTE system (1710-2690
MHz).

Step 5: Set the initial value for location of each filter on transmission line vertically and the
value of the gaps for coupling and run to obtain the initial result for the multiplexer.

Step 6: Set the optimization goals and run the optimization with a proper maximum
iteration.

Step 7: Verify the optimized result using the EM simulator. If the performance is
acceptable, then it is the final design. If it is not acceptable, tune the design using the EM
simulator or change the optimization setups slightly within the goals and rerun the

optimization.
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Design of filters for DCS,
UMTS and LTE

!

Combine filters using
central feeding transmission line

!

Find initial dimensions
of the multiplexer using C5T

&

Optimization using toolsin
CST

Change the optimization setups
Within the final goals

Parameter met

Yes

No

Figure 5.15: Flowchart of multiplexer design.
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5.2 DCS/UMTS/ LTE Triplexer Simulation:

The layout of the final triplexer design and all determined dimensions are illustrated in
figure 5.16 and table 5.1 respectively. The triplexer has an overall size of 80.8 x 52.7 mm.
To improve the performance of the triplexer, some parameters are controlled. Firstly,
control the distance between each channel and the central transmission line shown in figure
5.16 to obtain the best coupling, and then the vertical locations of each distance between
filters is controlled.

Figure 5.17 shows the performance of the triplexer. It can be shown from the simulation
results that the return loss for the DCS channel is about -7 dB and the insertion loss is
about -1.5 dB. Also and the return loss for the UMTS channel is about -8.5 dB and the

UL,

LTE (O/P)

UMTS (O/P

DCS (0/P)

Figure 5.16: Final DCS/ UMTS/ LTE Triplexer layout.

insertion loss is about -1dB, and the return loss for LTE channel is about -7.6 dB and the
insertion loss is about -1.2 dB . Moreover, the isolation between DCS, UMTS and LTE is
better than 37 dB for DCS and UMTS, while is better than 30 dB for LTE.
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Table 5.1: DCS/ UMTS/ LTE triplexer dimensions.

Par. # Parameter Value (mm)
1 I/P port (W;) 1.86
2 DCS O/P port (W) 1.86
3 UMTS O/P port (W;) 1.86
4 LTE O/P port (W;) 1.86
5 Coupling between DCS filter and T.L (S3) 0.5229
6 Coupling between UMTS filter and T.L (S,,) 0.3653
7 Coupling between LTE filter and T.L (S;) 0.4610
8 Location of DCS filter on T.L (X;) 12.995
9 Location of UMTS filter on T.L (X;) 29.015
10 Location of LTE filter on T.L (X3) 34.366
11 Length of the open stub (X,) 18.366
: S21 ’
: s21
ST & EETTERTTERE
sa1
DCS
................. e
70 4 i
75 + + . . v
1.4 1.6 18 2 2.2 24 26 2.8 3

Frequency / GHz

Figure 5.17: The EM simulated performance of the DCS/ UMTS/ LTE Triplexer.
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5.3 UMTS/ LTE Diplexer Simulation:

The layout of the final diplexer design and all determined dimensions are illustrated in
figure 5.18 and table 5.2 respectively. The diplexer has an overall size of 80.8 x 48.9 mm.

To improve the performance of the diplexer, the same procedure for triplexer system is

L,
™

Input

followed.

Figure 5.18: Final UMTS/ LTE diplexer design.

Table 5.2: UMTS/ LTE diplexer dimensions.

Par. # Parameter Value (mm)
1 I/P port (W;) 1.86
2 UMTS O/P port (W,) 1.86
3 LTE O/P port (W,) 1.86
4 Coupling between UMTS filter and T.L (S,,) 0.3643
5 Coupling between LTE filter and T.L (S;) 0.4572
6 Location of UMTS filter on T.L (X;) 18.407
7 Location of LTE filter on T.L (X;) 30.3
8 Length of the open stub (X3) 18.693
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Figure 5.19 shows the performance of the diplexer. It can be shown from the simulation
results that the return loss for the UMTS channel about is -10 dB and the insertion loss is
about -0.6 dB, and the return loss for the LTE channel is about -10.2 dB and the insertion
loss is about -0.51 dB. The isolation between the two channels is better than 63 dB for
DCS and better than 47 dB for UMTS. The result obtained for diplexer is better than that

for triplexer since the number of parameters is lower.
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Figure 5.19: The EM simulated performance of the UMTS/ LTE Diplexer.

5.4 Summary:

In this chapter, a compact and high-isolation UMTS/ LTE diplexer and DCS/ UMTS/ LTE
triplexer are presented. The design procedure of the components is given. The design is
based on coupling individual channel filters to a central feeding transmission line. By
locating the filters properly, the insertion loss and isolation can be obtained effectively.

The configuration is ready to be applied to multiplexers with more channels.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion:

In this thesis, the generations of the wireless communication systems were studied. The
second generation represented by the DCS system operating at the frequency band (1710-
1880 MHz), and the third generation represented by UMTS system operating at the
frequency band (1920-2170 MHz) and the fourth generation represented by LTE system
operating at the frequency band (2500-2690 MHz) were used in the design of the desired
components.

The explosive growth and commercial interest in wireless communications, especially in
personal and mobile communication systems, significantly increased the demand for low
cost, compact size, and high performance triplexers and diplexers. The reduction of the
size of the triplexers and diplexers and the need of more stringent specifications, such as
high selectivity and low insertion loss, is very important in the design of new products.

The object of the thesis was to develop compact microstrip DCS/ UMTS/ LTE triplexer
and UMTS/ LTE diplexer with high performance, which are easy to design and cheap to
manufacture.

To obtain these components. Firstly, a simple 5™ order microstrip hairpin filter for each
band has been designed with good results. For DCS, the return loss is about -15 dB and the
insertion loss is about -0.13 dB. For UMTS, the return loss is about -15.5 dB and the
insertion loss is about -0.1 dB. For LTE, the return loss is about -14.7 dB and the insertion
loss is about -0.1 dB. The second step in the design is to couple the filters designed in the
first step to a central transmission line to form the triplexer and diplexer components.
There are different optimization methods used such as Nelder Mead simplex algorithm and
Genetic algorithm available in CST microwave studio. Those techniques have been utilized
to optimize the diplexer and triplexer components.

For DCS/ UMTS/ LTE triplexer, the return loss for the DCS channel is about -7 dB and the
insertion loss is about -1.5 dB, while the return loss for the UMTS channel is about -8.5 dB

and the insertion loss is about -1 dB. For the LTE channel the return loss is about -7.6 dB
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and the insertion loss is about -1.2 dB. The isolation between DCS and UMTS channels is
about -40 dB and between UMTS and LTE channels is about -50 dB.

For UMTS/ LTE diplexer, the return loss for the UMTS channel is about -10 dB and the
insertion loss is about -0.6 dB, while the return loss for LTE channel is about -10.2 dB and
the insertion loss is about -0.51 dB. The isolation between UMTS and LTE channels is
about -63 dB.

6.2 Future Work:

In this work triplexer and diplexer are designed. Further improvement in performance of
the triplexer is required using a computer with high specifications. The design of a
quadruplexer, composed of four bandpass filters is worthy for further investigation. This
design will include four channels for GSM, DCS, UMTS, and LTE systems. There will be
a challenge in the design because of the existence of 2" order harmonic of GSM channel in
the other channel bands, and hence harmonic rejection methods are required.

In the future, the designed devices will be fabricated and tested to validate the design
results. Unfortunately, fabrication and measurement facilities for microwave components
are not currently available at the Islamic university of Gaza, and hence, implementation
will be done somewhere else.

There are different structures of microstrip resonators other than hairpin resonator can be

used to reduce the dimensions of multiplexers.
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