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ABSTRACT

An Ultra-wideband Transmit/Receive Module Using 10 to 35 GHz Six-channel
Microstrip Multiplexers and Its Applications to Phased-array Antenna Transceiver
Systems.

(August 2006)

Seung Pyo Hong, B.S.; M.S., Yonsei University

Chair of Advisory Committee: Dr. Kai Chang

This dissertation introduces new and simple techniques for suppression of multi-
spurious passbands, which are inherent to the conventional microstrip parallel couple-
line bandpass filters. In addition, the operation of harmonic suppression is analyzed
using a simple model.

Special emphasis is placed on the applications of several new filter designs for
microstrip diplexers and multiplexers. Compact, full-duplex beam scanning antenna
transceiver systems with extremely broad bandwidth have also been developed.

Recent advances in broadband monolithic microwave integrated circuit (MMIC)
amplifiers make the realization of extremely broadband phased-array transceiver systems
possible. The ultra-wideband phased-array transceiver systems can be used in multi-band
mobile satellite communication systems and wideband radars. This dissertation presents
a multi-band, compact, full-duplex, beam scanning antenna transceiver system for
satellite communications and two designs of ultra-wideband, low-cost radar systems as

applications of the MMIC amplifiers.
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In addition, a multi-frequency antenna has been developed. A single-feed triple
frequency microstrip patch antenna is presented as an answer to the recent demand for
multi-function systems in the wireless communications.

In summary, the research presented in this dissertation covers every component
required to build an ultra-wideband, full-duplex beam scanning phased-array antenna
transceiver. The work done in this dissertation should have many applications in the

wireless communication systems and wideband radar technologies.
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CHAPTER II:|

INTRODUCTION

1.1. Introduction

The fast growth of the wireless communication and radar technologies is
demanding many new technological challenges in communication system designs. These
challenges include devices with low fabrication cost, compact size, high operating
frequency, and multiple operation bands. Filters, diplexers, and multiplexers are the
essential parts in the front end of wireless communication systems. But these parts are
normally made of metal waveguide when the operating frequencies become higher [1-5].
The waveguide components are normally expensive and bulky. Recently, other
technologies such as micromachining techniques have been emerged for filter and
diplexer designs in millimeter-wave range [6-8].

Microstrip line is a good candidate for filter and other component designs due to
its advantages of low fabrication cost, compact-size, easy fabrication, light weight,
planar structure and easy integration with other components on a single circuit board. In
millimeter-wave range, however, much attention has not been given to microstrip lines
for filter, diplexer and multiplexer designs, because of their relatively high loss in this
frequency range. Only a few literatures are reported so far [9]. Despite their relatively

high loss in millimeter-wave range, microstrip filters and their applications to diplexer

The journal model for this dissertation is IEEE Transactions on Microwave Theory and Techniques.



and multiplexer designs still remain as an attractive research topic due to their
aforementioned merits.

Today, it is also required that satellite, mobile, and other communication systems
operate in full-duplex mode for seamless communications and wider bandwidth. To
meet these requirements, the system should be able to transmit and receive signals
simultaneously over its operating frequency range and must have a way to provide high
degree of isolation between transmit and receive paths to prevent the receiver from being
degraded by the leakage from the transmitter and to maintain good signal to noise ratio.
Generally, a circulator or multiplexer is used to provide a way of full-duplex operation.
However, the circulator is not appropriate to be used for wideband systems, because of
its narrow operating bandwidth. Multiplexers provide isolation between transmit and
receive channels by assigning a different frequency band to each channel and can
operate over a wide bandwidth. Various kinds of multiplexers have been developed so
far [10-12]. Microstrip multiplexer used for multi-frequency, full-duplex and phased-
array antenna systems has been reported in [13]. But there is still a system requirement
for even wider bandwidth than the multiplexer in [13] can offer. Because of the
requirement of wide bandwidth, the parallel coupled microstrip bandpass filters used as
channel filters of the multiplexer should have a way to suppress the harmonic passbands.
Novel and simple techniques to suppress the harmonic passbands of the microstrip have
been developed in this research.

Compared to mechanical steering, electronic steering of an antenna beam has

many advantages such as rapidness, higher reliability, and the ability to be easily



incorporated with solid-state devices [14]. The electronic beam steering normally
requires a phased-array antenna, phase shifters, and transmit/receive modules (T/R
modules) and these components have become active research topics in communication
and radar applications. One of the recent research interests is to increase the operation
bandwidth of phased-array antenna transceiver systems [15]. In this dissertation, the
operating frequency bandwidth of the T/R module has been extended to a very wide
band from 10 to 35 GHz. The T/R module is an enabling component for wideband
phased-array antenna transceiver systems for wide band communication applications.
The extremely wideband T/R module is integrated with the wideband phased-array
antenna and phase shifter to construct a phased-array antenna transceiver system.

Low-cost and multi-band radar systems are also demonstrated using ultra-
wideband phased-array antennas. Two designs are presented, one operating from 3 to 12
GHz and the other from 8 to 20 GHz. A broadband monolithic microwave integrated
circuit (MMIC) power amplifier (PA) is assembled and then integrated into this design in
order to generate microwave power over the wide frequency range. System tests
demonstrating pulse-radar target ranging and phased-array beam steering are performed
with excellent results for each array design.

Finally, a microstrip patch antenna with more than one operating frequency is
designed. Using pairs of spur-lines, two extra resonant frequencies can be excited
between TMy; and TMy, mode of the rectangular microstrip patch antenna.
Measurement results show good radiation patterns at three resonant frequencies and

match well with the simulated ones.



1.2. Dissertation organization

This dissertation covers a variety of topics, which are modified microstrip parallel
coupled-line structures for suppression of multi-spurious passbands, microstrip filters for
millimeter-wave diplexer, microstrip multiplexer, multi-band transmit and receive
module, phased-array radar, and multi-frequency microstrip patch antenna. The
dissertation consists of eight chapters.

Chapter II presents two modified microstrip coupled-line bandpass filter structures
for suppression of multi-spurious passbands. One incorporates spur-lines into the input
and output resonators of the conventional microstrip parallel coupled-line bandpass filter.
The other uses small resonators placed in the vicinity of the conventional microstrip
parallel coupled bandpass filter. This modified parallel coupled bandpass filter is used in
the multiplexer described in Chapter IV.

Chapter III introduces a new design for microstrip bandpass filters and its
application to a millimeter-wave diplexer. Basically, parallel-coupled microstrip lines
are utilized for bandpass response and non-uniform open-circuited stubs are added to
tune the bandwidth of the passband and improve out-of-band rejection. The designed
filters are connected to make a diplexer. The diplexer is designed to separate an input
signal containing both 32 GHz and 35 GHz into two signals of 32 GHz and 35 GHz,
respectively or to combine two signals at 32 GHz and 35 GHz into one signal.

Chapter IV describes a design procedure for a six channel multiplexer composed
of parallel coupled-line microstrip bandpass filters. The passbands of the filters, i.e.

channel frequencies, are 10, 12, 19, 21, 32, and 35 GHz. The operating frequency range



of the multiplexer is so wide that a method of harmonic suppression presented in
Chapter 11 is used for the filters designed at 10 and 12 GHz.. The multiplexer developed
in this research is used in the wideband transceiver system, which is discussed in the
following chapter.

Chapter V discusses a multi-band, compact, and full-duplex beam scanning
antenna transceiver system operating from 10 to 35. The system consists of ultra-
wideband Vivaldi antennas, a multi-line PET-based phase shifter, a six-channel
microstrip multiplexer described in Chapter IV, and monolithic microwave integrated
circuit (MMIC) amplifiers. The beam scanning capability of the transceiver system is
demonstrated at all six communication channels.

Chapter VI introduces a cost-effective implementation for extremely wideband
phased-array radars. Two designs are introduced, one operating from 3 to 12 GHz and
the other operating from 8 to 20 GHz. These designs incorporate ultra-wideband
antipodal tapered slot antennas (ATSA), a novel cross-polarization suppressed array
architecture, piezoelectric true time delay phase shifters, and broadband high-power
monolithic amplifiers. The tests for pulse-radar target ranging and phased-array beam
steering are performed for each array design.

Chapter VII presents a rectangular microstrip patch antenna with triple resonant
frequencies. Two pairs of spur-lines are embedded in the non-radiating edges of the
patch antenna to excite extra resonant frequencies.

Chapter VIII concludes this dissertation with a summary and discussion of the

research accomplishments and recommendations for further studies.



CHAPTERII

MODIFIED MICROSTRIP PARALLEL COUPLED-LINE
BANDPASS FILTER STRUCTURES FOR SUPPRESSION OF

MULTI-SPURIOUS PASSBANDS

2.1. Introduction

Because of its planar structure, simple design, and easy implementation, the
conventional microstrip parallel coupled-line bandpass filter has been widely used in RF
front end of microwave and wireless communication systems since Cohn first proposed
the structure in 1958 [16]. The filter is composed of half-wave length parallel coupled-
line resonators but this type of filter has a disadvantage of having spurious passbands at
the harmonics of the design frequency (fy). These spurious passbands greatly limit the
use of the microstrip parallel coupled-line bandpass filters in broadband systems. Since
recent communication developments require a system that can operate over a multi-
octave bandwidth, the spurious passbands at the harmonics (2 fy, 3 fy, etc) of

fundamental passband frequency could become a more serious problem

Many methods have been proposed to solve this problem. The most common
type of method to suppress the first spurious passband is equalizing the even and odd
mode phase velocities of the coupled-line. In [17] and [18], the two phase velocities are

equalized by over-coupled resonators. The over-coupled resonator has an effect of



increasing the electrical length of the odd mode, which propagates faster than the even
mode in the microstrip coupled-line. But this method can not suppress the second
spurious passband which occurs at 3 fj. Another approach uses extra capacitors to slow
down the odd mode phase velocity [19, 20]. In [21], and [22], square grooves are
introduced in the coupled sections of the coupled-line filter to achieve identical electrical
length of both even and odd mode propagations. But these methods also suppress only
the first spurious passband. Recently, methods for suppressing both the first and the
second spurious passbands were published but the methods require more complex design
or fabrication procedures [23 - 25].

In this research, two modified microstrip coupled-line bandpass filter structures for
suppression of multi-spurious passbands are presented. One incorporates spur-lines into
the input and output resonators of the conventional microstrip parallel coupled-line
bandpass filter and modifies the layout of the filter with the spur-lines for simultaneous
suppression of the first and the second spurious passbands, which appears around 2 f
and 3 fy, respectively. The other uses half-wave open-ended resonators placed near the
edges of the conventional parallel coupled-line bandpass filter and bends the filter twice

by 90 degrees.

2.2. Harmonic suppression with spur-lines

Two techniques are introduced in the design of a microstrip parallel coupled-line
bandpass filter for suppression of both the first and the second spurious. First, spur-lines

are incorporated into the conventional parallel coupled-line bandpass filter to suppress



the first spurious passband. Second, the layout of the filter with the spur-lines is
modified for the suppression of the second spurious passband. Similar spur-lines have
been incorporated into open-stub band stop filter for a better stop band rejection [26].
Another advantage of the proposed design in addition to the suppression of the spurious
passbands is that the conventional parallel coupled-line bandpass filter is used without
significant modifications. The design parameters used in the conventional microstrip
parallel coupled-line bandpass filter can be used in the proposed filter with suppression
of multi-spurious passbands. The new filter also has the advantage of reducing the

overall length of the filter

2.2.1. Design

To demonstrate the design procedure for a microstrip parallel coupled-line
bandpass filter with suppression of both the first and the second spurious passbands, a
conventional microstrip parallel coupled-line bandpass filter centered at f,= 2.45 GHz is
designed first following the well known procedures [27]. The filter has six coupling
sections with a 10 % fractional bandwidth. The layout of the designed filter is shown in
Fig. 1 and the physical dimensions of the layout are given in Table 1. The substrate

employed has a relative dielectric constant ¢, = 10.2 with thickness 7= 1.27 mm.
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Fig. 1. Six-section conventional parallel-coupled microstrip bandpass filter centered at
2.45 GHz.

TABLE 1. Physical parameters for the filter shown in Fig.1. W, §;, and L, are the
width, the separation between coupled-lines, and the length of the ith section,
respectively. The input and output port strip width are W= 1.18 mm, corresponding

to 50 Q.
(Unit: mm)
Sections W S; L;
1 and 6 0.76 0.13 11.84
2and 5 1.14 0.61 11.35
3and 4 1.17 1.52 11.33

To suppress the first spurious passband at 2 f,, spur-lines are incorporated in the
coupling section 1 and 6 as shown in Fig. 2 (a). Bates [28] designed a microstrip spur-
line band-stop filter with a bandwidth of order of 10 %, which can be fit in a microstrip
line. Therefore, by incorporating spur-lines in the conventional bandpass filter the first
spurious passband at 2 f,can be effectively suppressed. The initial length of the spur-line

(a) and the gap size (b) at a center frequency fy can be determined from [28] as

= 2:997925%10°

4 1o K o

Al (1)

where K, and Al are the odd mode effective dielectric constant and the effective
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length extension due to the gap (b), respectively. The initial dimensions are optimized
for better suppression of the first spurious passband using IE3D, a full wave

electromagnetic simulator [29].

Section 5 Section 6
. " e
Section4 | ecton ]
Section 3 | !
Section 2 | ]
Section 1 | |
| ———————
 E———— —
(a)
¢ - = —
d_ , /‘
0% ez % c
——

Fig. 2. Microstrip parallel coupled-line bandpass filter for suppression of the first
spurious passband. (a) Layout of the filter incorporated with spur-lines. (b) Detailed
view of the coupling section with spur-lines.

The optimized dimensions of the spur-line parameters of Fig. 2 (b) are: a = 5.33
mm, b =0.25 mm, ¢ = 0.36 mm, d = 0.64 mm. Fig. 3 shows the simulation results of the
conventional parallel coupled-line bandpass filter and the modified filter shown in Fig. 2
(a). The first spurious passband is suppressed by more than 30 dB at 2 f). It can be
observed that the second spurious passband at around 3 fj is also suppressed by the spur-

line, although the suppression is not as much as the 2 f; case.
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Fig. 3. Simulated frequency responses of the conventional parallel coupled-line bandpass
filter and the modified bandpass filter shown in Fig. 2 (a).

To achieve enough suppression of the second spurious passband at 3 fj, the layout
of the filters of Fig. 2 (a) is modified as shown in Fig. 4. Coupling sections 4, 5, and 6 of
Fig. 2 (a) are flipped over vertically to become Fig. 4 (a) and a small gap of 0.25 mm is
inserted between resonators of section 2 and 5 to prevent the two resonators from being
connected. After flipping over, section 2 and 5 are bent by 90 degrees and slightly
shifted down by 1.14 mm to preclude shorted resonators as shown in Fig. 4 (b). The

photos of this new filter and the conventional filter are shown in Fig. 4 (c) for

comparison.
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Section 3 Section 4
Section2 | I Section 5
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, =< Gap :
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| |
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CCCC—— [——— —— f
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©

Fig. 4. Transformation of the filter shown in Fig. 2 (a) to obtain enough suppression of
the second spurious passband. (a) Flipping vertically. (b) 90-degree bending and shifting
down of sections 2 and 5. (c) Photos of the proposed new filter and the conventional
filter. The top photo is for the new filter and the bottom photo is for the conventional
filter.
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Fig. 5 shows the simulated and measured frequency responses of the conventional
parallel coupled-line bandpass filter and the filter proposed in this research as shown in
Fig. 4 (b). By the flipping and bending procedures, the second spurious passband which
does not appears exactly at 3 f,due to the dispersion effect is suppressed below — 30 dB
and the length of the filter can be reduced by 30 %. The measured insertion loss is 1.67

dB at 2.4 GHz. The simulation results match well with the measured results.
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(a)

Fig. 5. Simulated and measured frequency responses of the conventional filter and the
proposed filter. (a) Simulated results. (b) Measured performances.
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Fig. 5. Continued.

2.3. Harmonic suppression with small resonators

Since all of the previously proposed methods for the harmonic suppression,
which are mentioned in introduction of this chapter, demonstrate their performance for
the filters designed around 2 GHz, it is not sure that they can work as well if the
designed center frequency of the filter increases such that the harmonic frequencies are
in the millimeter-wave region. Furthermore, when the harmonic frequencies are in the
millimeter-wave region, the fabrication precision required for the methods mentioned
earlier becomes more stringent. A novel and simple method is proposed in this research

that requires neither change in the conventional filter design nor more precise fabrication
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for suppression of spurious passbands even in the millimeter-wave region. Half-wave
open-ended resonators are placed in the vicinity of the conventional parallel-coupled
bandpass filter to suppress both the first and the second spurious passbands. In addition
to placing the resonators, the conventional filter is bent twice for better suppression of
the harmonic passbands. By bending the filter, a more compact filter can be obtained.
There is no added complexity in fabrication compared to that of conventional filters. A
parallel coupled-line bandpass filter centered at 12 GHz is designed using the proposed

topology and measured for demonstration.

2.3.1. Filter design

The schematic diagram of a conventional parallel coupled-line microstrip bandpass
filter is presented in Fig. 6. The filter is a five-section Chebyshev type bandpass filter
with a center frequency (fy) of 12 GHz and the passband bandwidth of 10%. The basic
design methodology is the same as the conventional filter design procedure [27]. A
better return loss can be achieved by decreasing the widths and the gap sizes of the input
and output coupled resonators following the method used in [13]. The physical
dimensions are listed in Table 2. The substrate is a 0.25-mm-thick Rogers 5880 Duroid
substrate with a dielectric constant & = 2.2. Relatively thin substrate is used to reduce the
radiation loss. The width of input/output lines is set to 0.84 mm making the

characteristic impedance of the lines 50 €.
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2.3.2. Harmonic suppression

First, to suppress the first spurious passband of the designed filter, one set of
resonators which are half wavelength long at the second harmonic frequency (2 fy), is
placed near the outer edge of the second and the fourth coupling sections as shown in
Fig. 7. The 0.15-mm gap and 0.56-mm offset from the edge of the coupling section are
decided by optimization process and consideration of etching tolerance. Fig. 8 is the
simulated and measured frequency responses of the filter. The measured results show the

first spurious passband is suppressed below —35dB.

sections

. sectiond [ ]
section3
section2 L
sectionl ‘ ‘ ‘ |
Wo T ,,,,, \_ﬁ VVIT ,
[ !

Fig. 6. Five-section conventional microstrip parallel coupled-line bandpass filter
centered at 12 GHz.

TABLE 2. Physical parameters for the microstrip parallel coupled-line bandpass filter
centered at 12GHz. The strip width of input/output ports (#)) is 0.84 mm.

Unit: mm W, S; L;
Section 1 & 5 0.28 0.15 4.57
Section 2 & 4 0.64 0.28 4.52

Section 3 0.61 0.38 4.52
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Fig. 7. Layout of the new filter with suppression of the first spurious passband.

For the suppression of the second spurious passband, which appears around 3 fj,
another set of resonators is placed near the edge of the first and the fifth coupling
sections with a gap size of 0.15-mm as shown in Fig. 9. The length of the resonator is
optimized to accurately suppress the second spurious passband. Furthermore, the

resonators are modified to stepped-impedance resonators for better suppression.
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Fig. 8. Simulated and measured frequency responses of the conventional filter and the

new filter with suppression of the second harmonic passband. (a) Simulated responses.
(b) Measured responses
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It has been found from the simulation results that the suppression of the second
spurious passband by using a set of resonator only is not enough, compared to the
suppression of the first spurious passband. To obtain more suppression of the second
spurious passband, the resonators of the coupling section 3 in Fig. 9 are bent by 90
degrees and their relative positions are changed so that the inner side of the coupling
section becomes outer side as shown in Fig. 10. By bending and repositioning the
resonators, the second spurious passband is better suppressed without affecting the main
passband response. Besides the suppression of the spurious passbands, the total length of
the filter can be shortened by bending. Fig. 11 shows the measured frequency responses
of the finally designed bandpass filter with suppression of both the first and the second
spurious passbands. The measured results in Fig. 11 show that the first spurious
passband of the conventional filter is suppressed from —19.24 dB to —50.37 dB at 24.35
GHz and the second spurious passband is suppressed from —5.76 dB to —38.90dB at 35.3
GHz. More than 30 dB suppression of both the first and the second harmonic passbands

is achieved with the proposed method. There is no noticeable change in the main

passband.
C— [ ]
I
| |
| ] —
.
[ =——

Fig. 9. Layout of the new filter with suppression of both the first and the second spurious
passbands.
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(@)

(b)

Fig. 10. (a) Layout of the new parallel-coupled microstrip bandpass filter. (b) Photo of
the fabricated filter inside a test fixture.
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Fig. 11. Measured results of conventional and new filter. (a) Insertion loss. (b) Return
loss.
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2.4. Conclusions

Two modified microstrip coupled-line bandpass filter structures for suppression
of multi-spurious passbands have been introduced in this chapter. One structure
incorporates spur-lines in the input and output resonators with simple transformation of
the layout of the conventional parallel coupled-line microstrip bandpass filter to
simultaneously suppress the first and the second spurious passbands, which appears near
2 fp and 3 fy, respectively. Because of the transformation, the proposed filter becomes
shorter than the conventional filter by 30 %. The insertion loss at the main passband is
measured as 1.67 dB.

The other structure uses sets of half-wave length open-ended resonators placed
near the coupling edges of the conventional filter to suppress the spurious passbands at
harmonic frequencies. Discontinuities and repositioning of the coupling section caused
by bending the filter give more suppression of the second spurious passband. This
structure is used in the multiplexer design described in Chapter IV.

The measurement results show that both of the new filter structures suppress the
first and the second spurious passbands below —30 dB and the main passband dose not
show any noticeable difference from that of the conventional microstrip parallel

coupled-line bandpass filter.
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CHAPTER 111

STUB-TUNED MICROSTRIP BANDPASS FILTERS FOR

MILLIMETER-WAVE DIPLEXER DESIGN H

3.1. Introduction

One of the essential components in RF front end of most communication systems
is a diplexer. Diplexers are usually composed of two bandpass filters with different
passband frequencies, whether they are contiguous or not [30]. The fast growth of the
wireless communication technology has brought communication systems operating in
millimeter-wave range. In millimeter-wave range, the filters used for diplexers are
normally made of metal waveguide, because of its low insertion loss and high isolation.
Other technologies like micromachining techniques are also used for filter design in this
frequency range [6 - 8].

Microstrip line is a good candidate for filter design due to its advantages of low-
cost, easy fabrication, compact-size, light weight, planar structure and easy integration
with other components on a single circuit board. In millimeter-wave range, however,
much attention has not been given to microstrip lines for filter and diplexer designs,
because of their relatively high loss in this frequency range. Only a few literatures are

reported so far [9]. Despite their relatively high loss in millimeter-wave range,

" © 2005 IEEE. Parts of this chapter are reprinted, with permission, from S. Hong and K. Chang, “Stub-
tuned microstrip bandpass filters for millimeter-wave diplexer design,” IEEE Microwave & Wireless
Components Lett., vol. 15, No. 9, pp. 582 - 584, Sep. 2005.
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microstrip filters and their application to diplexer design still remain as an attractive
research topic due to their aforementioned merits.

Generally, the use of thick substrate for microstrip circuits can make the width of a
microstrip line wider for a given characteristic impedance. It is, therefore, desirable to
use relatively thick substrate in the millimeter-wave range to reduce the resistive losses.
But the use of thick substrate causes circuits composed of resonators to radiate strongly
if their resonance frequencies are in millimeter-wave range [31]. Although edge-coupled
half-wavelength resonators are the popular building block of microstrip bandpass filters,
the filters with half-wavelength resonators will radiate strongly when the center
frequency is designed to be in millimeter-wave range. The strong radiation tends to
cause high insertion loss preventing microstrip filters from being used in the millimeter-
wave range.

To reduce the resistive loss and the radiation from the resonators, the design in this
research uses a relatively thick substrate and avoids the use of edge-coupled half
wavelength resonators. With the use of thick substrate, the design can avoid the
fabrication of many thin lines and narrow coupling gaps, which cause the high loss and
difficulty in etching accurately. Instead of using half-wavelength resonators, the
passband formed between neighboring stop bands of open-circuited stub is utilized for
bandpass response. Additional open-circuited stubs are then placed on the input and
output lines for the diplexer application. Diplexers composed of filters with open-
circuited stubs were studied by Henryk [32] and Strassner and Chang [33]. But they are

not appropriate for a phased-array transceiver system, because they cannot block low
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frequency and/or DC signals needed for MMIC biases. In this research, a gap is inserted
in the center stub of filters and it plays a key role in blocking the DC signals. Since there
is only one gap in each filter, the filter can tolerate variation in the gap size caused by
etching process better than the filters composed of edge-coupled half wavelength

resonators.

3.2. Filter and diplexer design

The simulated response of the parallel-coupled microstrip lines to be used in the
filter design is shown in Fig. 12. The substrate used is 0.51-mm thick RT/Duroid 5880
from Rogers with a relative dielectric constant & = 2.2. As can be seen from Fig. 12, the
insertion loss becomes smaller as the frequency increases, making the lines suitable for
bandpass filter design in the millimeter-wave range.

Two bandpass filters were designed for the center frequency of 32 GHz and 35
GHz, respectively. The filter centered at 32 GHz is denoted as transmit (Tx) filter and
the filter with center frequency of 35 GHz is denoted receive (Rx) filter. Every

simulation and optimization was done using IE3D [29].
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Fig. 12. Simulated frequency responses of parallel-coupled lines. (w 1 =0.91 mm, w 2 =
0.43mm, gap = 0.2 mm).

The out-of-band rejection of the coupled lines is less than 20 dB and should be
improved. To do this, open-circuited stubs are added, their positions are optimized, and
the width of upper side of the stubs is made thicker than that of lower side. Moreover,
the lengths of the third stubs of the Tx filter and the third and the fourth stubs of the Rx
filter from the center are slightly changed as shown in Fig. 13 (a) and (b). The gap sizes
are optimized as 0.15 and 0.2 mm for the Rx and Tx filter, respectively. Simulation

results show that the performances of the filters are stable with the gap size variation of

—0.1to+0.2 mm.
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Fig. 13. Layouts of the designed bandpass filters and their simulated responses (a) Tx
filter centered at 32 GHz. (gap = 0.2 mm). (b) Rx filter centered at 35 GHz. (gap =0.15
mm). (¢) Simulated responses of the two filters.

For the Tx filter, the upper frequency side skirt became smoother than that of

lower side even after the methods mentioned above were applied. To make the slope
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steeper, the widths of input and output lines of Tx filter are perturbed as shown in Fig.
13 (a), which has the effect of incorporating a low pass filter. Fig. 13 shows the layouts
of the designed filters and simulated results of the filters. The two filters have the
insertion losses of about 2 dB and their return losses are bigger than 15 dB. The rejection

of filters at each other’s passband is more than 30 dB. The physical dimensions are listed

in Table 3.
TABLE 3. Physical parameters for the designed filter. (Unit: mm)
Stub Stub Connecting line between this
Tx filter length/width length/width and next stub
(Thick part) (Thin part) (length/width)
Si 8.03/0.84 5.26/0.43 1.55/0.51
S> 8.03/0.84 4.62/0.43 1.88/1.14
S3 7.57/0.84 5.26/0.43 3.43/0.51
S4 8.03/0.84 4.62/0.43 -/1.14
Stub Stub Connecting line between this
Rx filter length/width length/width and next stub
(Thick part) (Thin part) (length/width)
S 6.96/0.71 4.22/0.43 1.35/1.14
S> 6.58/0.71 4.60/0.43 2.57/1.14
S3 7.62/0.71 4.60/0.43 1.09/1.14
S4 6.83/0.71 4.60/0.43 -/1.14

Having designed the two bandpass filters, they are connected to make a diplexer as
shown in Fig.14. In millimeter-wave range, a little change in the length between the
junction and each filter makes significant variations in the return loss and the insertion
loss of the diplexer. The lengths are optimized such that each filter in the diplexer should
look like an open circuit to the other filter at its center frequency. At the input and output

ports of the diplexer, stepped impedance transformers are added to improve the return
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loss at each port. The width of each port is 1.55 mm, which is corresponding to the width
of 50 Q microstrip line at the operating frequency of the diplexer.

Fig. 15 shows the comparison of the simulated and measured frequency responses
of the diplexer. Due to the discontinuity caused by the junction, the insertion loss of each
filter in the diplexer is slightly increased from the insertion loss of the filter itself. The
diplexer was measured using K-connectors as shown in Fig. 16 and an HP 8510C
network analyzer. To remove the effect of the connectors, the measured results are
calibrated using a Thru-Reflect-Line (TRL) calibration. The measured insertion loss is
3.5 dB at 32 GHz and 3.2 dB at 35 GHz. The return loss is more than 10 dB at both 32
GHz and 35 GHz. The isolation is more than 30 dB for the two frequencies. The

passband has a bandwidth of about 2 GHz at 32 GHz and 1.3 GHz at 35 GHz.

Port 1:
32, 35 GHz

Port 2:
32 GHz

Fig. 14. Layout of the designed diplexer.
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Fig. 16. Photo of the fabricated diplexer inside a test fixture.

3.3. Conclusions

Two microstrip bandpass filters are designed and they are connected to form a
diplexer in millimeter-wave range. The diplexer takes an input signal from port 1 and
separates 32 GHz signal to port 2 and 35 GHz signal to port 3. The diplexer was
fabricated and measured to verify the design. The simulated and measured data matches
well with each other. The insertion loss is 3.5 dB for port 2 and 3.2 dB for port 3, which
is good for the relatively thick substrate used for the diplexer. The diplexer can be used

in a phased-array transceiver system operating in millimeter wave range.
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CHAPTER 1V

A 10—35-GHZ SIX-CHANNEL MICROSTRIP MULTIPLEXER FOR

WIDEBAND COMMUNICATION SYSTEMSEI

4.1. Introduction

Today, it is required that satellite, mobile, and other communication systems
operate in full-duplex mode. The systems are also required to operate over a wide band
or multi-frequency bands. To meet these requirements, the system should be able to
transmit and receive signals simultaneously over its operating frequency range and must
have a way to provide high degree of isolation between transmit and receive paths to
prevent the receiver from being degraded by the leakage from the transmitter and to
maintain good signal to noise ratio. Multiplexers provide isolation between transmit and
receive channels by assigning a different frequency band to each channel and can
operate over a wide bandwidth. Microstrip multiplexer used for multi-frequency, full-
duplex and phased-array antenna systems has been reported in [13].

In this research, a compact, six-channel, wideband multiplexer is developed. The
design of the filters constituting the multiplexer will be presented first then the

procedure of constructing the multiplexer will be explained. The multiplexer is

" © 2006 IEEE. Parts of this chapter are reprinted, with permission, from S. Hong and K. Chang, “A 10—
35-GHz six-channel microstrip multiplexer for wide-band communication tuned microstrip bandpass
filters for millimeter-wave diplexer design,” IEEE Trans. Microw. Theory Tech., vol. 54, No. 4, pp. 1370 -
1378, Apr. 2006.
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composed of six microstrip parallel coupled-line bandpass filters and can offer full
duplex operation over an extremely wide frequency range from 10 to 35 GHz. Because
of the wide operation bandwidth of the multiplexer, the bandpass filters centered at
lower frequencies, i.e. 10 and 12 GHz should be able to reduce the spurious passbands at
the harmonic frequencies of the designed passband frequency (fy). Many methods have
been proposed to suppress the spurious passbands inherent to the microstrip parallel
coupled-line bandpass filters [17 - 25]. In this research, a novel and simple method
presented in Chapter II is used to suppress the spurious passbands of the bandpass filters
centered at 10 and 12 GHz. With the method presented, the conventional microstrip
parallel coupled-line bandpass filters can be used without any changes. Instead of
modifying the filter itself, small half wavelength resonators are placed in the vicinity of
the conventional filter. The small resonators invoke matching conditions for the wave
propagating through the filter at the harmonic frequencies, perturb the current
distribution on the coupled-lines of the filter and reject the spurious passbands. A
transmission line model is used to predict the extra resonances caused by the added
resonator.

The construction of the multiplexer by connecting each microstrip bandpass filter
requires a great deal of effort, because there are many optimization variables and even a
slight change in the length of any microstrip line connecting each filter will change the
frequency responses of the multiplexer. The initial condition for optimization is
important to avoid the local minima and reduce the optimization time. The procedure of

designing the multiplexer, taking into account of these considerations, is presented in
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section 4.

When connected with wideband MMIC amplifiers and phased-array antenna as
shown in Fig. 17, the multiplexer routes transmitting signals at 10, 19, and 32 GHz from
the power amplifiers and then sends the amplified signals to the phased-array antenna.
We call this path as a transmit path. On the other hand, in the receive path, it receives
signals at 12, 21, and 35 GHz from the antenna and routes them to the low noise
amplifiers. A bandwidth of at least 500 MHz is required for each channel. The
multiplexer presented in this research should have many applications in full-duplex

multi-band communication systems and radar systems.

To antenna
(10,12,19,21,32,35 GHz)

Transmit Path Port 1 Receive Path

Y

A A A \ Y

1%BPF| |3¢BPF| |[5"BPF| |6"BPF| |4"BPF| |2nBPF
10GHz| |19GHz| |32GHz| |35GHz| |21GHz| |[12GHz

T Port 2 Port 3 l
(10,19,32 GHz) (12,21,35 GHz)
From wideband To wideband

multi-stage power multi-stage low
amplifiers noise amplifiers

Fig. 17. Block diagram of the multiplexer.
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4.2. Channel filter design

To construct a six-channel multiplexer, six bandpass filters shown in Fig. 17,
whose passbands are corresponding to each channel of the multiplexer, should be
designed first. In this research, conventional microstrip parallel coupled-line bandpass
filter composed of half wavelength resonators is chosen for the channel filter of the
multiplexer, because of its compactness, easy fabrication and low cost. However, the
radiation from the filter with half wavelength resonators increases as the designed center
frequency of the filter operates in the millimeter-wave region, causing high insertion loss.
The loss due to the radiation becomes severe if a thick substrate is used. For this reason,
a thin 0.25-mm substrate is selected for the filter design. The actual substrate used is
0.25-mm thick RT/Duroid 5880 from Rogers with a relative dielectric constant er = 2.2.
All six filters have five coupling sections and a bandwidth of about 10%. The basic
design procedure follows the conventional parallel coupled-line filter design methods
[16] and the designed filters are optimized using IE3D. The coupling sections of the
filters are symmetrical with respect to the third section, that is, the first and the second
sections have same physical dimensions as the fifth and fourth sections. Fig. 18 shows
the physical layout of the designed filters and the actual dimensions of each filter are
summarized in Table 4. The width of input/output lines is set to 0.84 mm making the

characteristic impedance of the lines 50 Q.
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Fig. 18. Layout of the designed filters. (W, = 0.84 mm)

The three filters centered at 10, 19, and 32 GHz are placed in the transmit path of
the multiplexer and their simulated responses are shown in Fig. 19. The three filters in
the receive path of the multiplexer have center frequencies of 12, 21, and 35 GHz,
respectively and their simulated responses are shown in Fig. 20. Table 5 shows the
simulated insertion losses of the designed filters. The insertion loss of the filter is less
than 2 dB even in the millimeter-wave region, although it has higher losses at 32 and 35

GHz due to the higher dielectric and radiation loss.
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TABLE 4. Dimension of designed microstrip parallel coupled-line bandpass filters.

(Unit: mm)
Center Freq. | 10 GHz || 12 GHz
Section W, S; L, W; S; L,
land 5 0.28 0.15 5.46 0.28 0.15 4.57
2 and 4 0.61 0.25 5.46 0.64 0.25 4.52
3 0.48 0.46 5.46 0.61 0.38 4.52
Center Freq. | 19 GHz Il 21 GHz
Section W, S; L, W; S; L,
land 5 0.28 0.15 2.84 0.28 0.15 2.56
2 and 4 0.51 0.25 2.79 0.51 0.25 2.51
3 0.28 0.46 2.87 0.28 0.46 2.59
Center Freq | 32 GHz " 35 GHz
Section W S; L, W; S; L,
1 and 5 0.28 0.15 1.65 0.28 0.15 1.47
2 and 4 0.51 0.35 1.60 0.51 0.38 1.50
3 0.28 0.51 1.68 0.28 0.51 1.50

e V4

BPF 10 GHz
——— BPF 19 GHz

| ——e—— BPF 32 GHz
] | ] | ]

25 30 35
Frequency [GHz]

Fig. 19. Simulated frequency responses of the designed filters to be placed in the
transmit path of the multiplexer. The designed frequencies are 10, 19, and 32 GHz,
respectively.
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Fig. 20. Simulated frequency responses of the designed filters to be placed in the receive
path of the multiplexer. The designed frequencies are 12, 21, and 35 GHz, respectively.

TABLE 5. Simulated insertion loss (IL) of the designed bandpass filters.

Center IL (dB) Center IL (dB)
Freq.(GHz) Freq.(GHz)
10 1.3 12 1.3
19 . 21 1.1
32 1.6 35 1.9

4.3. Harmonic suppression of the channel filters

In Fig. 19, it can be seen that the spurious passband responses of the filter designed

at 10 GHz appear around the harmonic frequencies of 20 and 30 GHz and overlap in part

with the passbands of filters designed at 19 and 32 GHz, respectively. Same
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phenomenon happens for the filter designed at 12 GHz as can be seen in Fig. 20, but at
the third harmonic frequency, the level of the insertion loss is close to that of the filter
designed at 35 GHz and the overlapping bandwidth occupies about the half of the
passband of the filter designed at 35 GHz. Unfortunately, the spurious responses at 2 fj
and 3 f) are inevitable for the microstrip parallel coupled-line filters composed of half
wavelength resonators. If the spurious passbands are not suppressed properly, these
overlapping passbands can provide signals at 32 and 35 GHz with multiple paths or a
loop path, causing signal distortions when all the filters are connected together to form a
multiplexer.

Many methods have been reported to suppress the spurious passbands at the
harmonic frequencies but every method has its own merits and disadvantages. To
mention a few, the method in [21] provides different lengths for the even and the odd
modes to suppress the spurious passbands only at 2 f). The method in [23] uses a
uniplanar compact photonic-bandgap (UC-PBG) structure to reject the spurious
passbands at both 2 f, and 3 f). But the physical dimensions of the microstrip parallel
coupled-line bandpass filter should be redesigned and additional etching and accurate
alignment are required because of the UC-PBG structure in the ground plane. A novel
and simple method presented in Chapter II is used to suppress the spurious passbands of
the bandpass filters centered at 10 and 12 GHz.

To show the basic idea of the method presented in Chapter II, a half-wavelength
open-ended microstrip resonator and a half wavelength microstrip parallel coupled-line

shown in Fig. 21 are investigated first at its resonant frequency f,. The input impedance
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Z;, of a lossless half wavelength resonator when one end is terminated with open circuit

i

Ziy=—JjZycot(Bl+1)) = jX;, )

where / is the physical length of the resonator corresponding to the half wavelength and
1, is the additional length due to the effect of the open end [34]. The input impedance of
a microstrip parallel coupled-line can be computed from the ABCD matrix of the line.

The ABCD matrix of a parallel coupled-line can be expressed as [35]

_ Zy,cotl, +Z,,cotl, (a)
 Zo,c5¢0,—Zy, c5¢6,

B 22,4723 27,7, (cot8, cotf, +csch, cscy) (3b)
2 Zy,cs¢8,—Z,, csch,
_ 2j (3¢)

Zy,cscl,—Z,,csch,

where Z,, is the even mode characteristic impedance, Z;, is the odd mode
characteristic impedance of the coupled transmission line, 6, is the even mode electrical

length, and 6, is the odd mode electrical length of the line.
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Ag/2 Ay/2

A

(2) (b)

Fig. 21. Half wavelength resonators; (a) Single microstrip line. (b) Parallel-coupled
microstrip line. (A 1s the guided wavelength)

For a two-port network, if one of its ports is terminated with a load impedance

of Z; , the input impedance (Z;, . ) seen from the other port can be calculated from the

ABCD matrix of the network. Therefore, when one of the ports is terminated with an

open circuit, the input impedance of the coupled line in Fig. 21 (b) can be calculated as

.Zy,cotl,+7Z, cotf, )
Zin,c ==J Qe < 2 0o = :]Xin,c (4)
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Fig. 22. Variations of X;, and X;, . with frequency.

Fig. 22 shows the frequency responses of X;, and X;, . calculated by (2) and

in in,c

(4). As can be seen in the figure, X;, . has an additional resonance near the resonant

frequency of X,,.
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Fig. 23. S11 responses of the single microstrip resonator and the coupled resonator.

Due to this additional resonance, there is a frequency where X, . becomes zero

and this zero hinders a wave in traveling through the filter at that frequency. The

frequency of the zero can be predicted from (4) as
Zy,cotl, =—2, cotd, (5)

Therefore, it is possible to suppress the spurious passband by placing an open-

circuited resonator near resonators of a microstrip parallel coupled-line bandpass filter
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and adjusting the resonant frequency of so-formed coupled lines such that the frequency

where the X, . becomes zero, can be close to the harmonic frequency of the microstrip

bandpass filter. The method is verified by full-wave simulation as shown in Fig. 23.
Because of the good return loss at the harmonic frequency, which is 36 GHz in this
simulation, it is difficult for the resonators of the filter to sustain the standing wave
necessary for the passband at 36 GHz. The small resonator placed near the coupling
section, therefore, can be considered as a matched load at the harmonic frequency of 36
GHz and the 10 dB return loss is contributed mainly by ohmic loss. The change in the
input impedance of the resonators by forming a coupled line makes better return loss and
give rise to matching condition to the resonator of the filter at the desired frequency as
shown in Fig. 23. At the harmonic resonance frequency, standing waves exist on the
resonators of the conventional microstrip parallel coupled-line bandpass filter and the
standing waves cause the spurious passband. The matching condition introduced by the
coupled line of the proposed filter prevents the standing waves from existing on the
proposed filter at the harmonic frequency and thus suppresses the passband at that
frequency. To suppress the harmonics passband, the method is applied to the filter
designed at 12 GHz.

To suppress the second harmonic passband of the filter centered at 12 GHz with its
layout shown in Fig. 18, open-circuited resonators are placed near the outer edge of first,
third and fifth coupling sections as shown in Fig. 24. For the third coupling section, two
resonators are placed for symmetry. The length of the resonators is half wavelength at

the second harmonic frequency of 24 GHz. For the third harmonic suppression, a
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resonator is placed near the edge of the second and the fourth coupling sections with a
length of one-half wavelength at the third harmonic frequency (3 fy) of the filter. The gap

size of the coupled line is decided as 0.15 mm after the optimization process.

for the suppression of spurious passband at 24 GHz
222z for the suppression of spurious passband at 36 GHz

Fig. 24. Proposed parallel-coupled microstrip bandpass filter designed at 12 GHz with
suppression of both the second and the third harmonic responses.

As mentioned earlier in this section, the third harmonic passband of the filter
designed at 12 GHz is more problematic when operating with the filter designed at 35
GHz. The resonators for suppressing the third harmonic passband is, therefore, modified
to stepped impedance resonator and their position is optimized to have wider
suppression and rejection bandwidth. Fig. 24 shows the final layout of the proposed
microstrip parallel coupled-line bandpass filters centered at 12 GHz.

Fig. 25 shows the simulated and the measured frequency responses of the
conventional and the proposed microstrip parallel coupled-line bandpass filters. The
measured result shows that the second harmonic passband of the conventional filter is
suppressed below —35dB and the third harmonic passband is suppressed from —7.6 dB to

—42.5 dB at 35.7 GHz. Over 30 dB suppression for the third harmonic passband is
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achieved with the proposed method. It should be emphasized that the main passband is
almost the same for the conventional and the proposed filters. The same procedure is

applied to the filter designed at 10 GHz.
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Fig. 25. Simulated and measured performances of the conventional and proposed filters.
(a) Simulated results. (b) Measured results.
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Fig. 25. Continued.

4.4. Multiplexer design and measurement

Although several multiplexer design methods have been published so far, [36, 37],
they are mainly applicable to the manifold multiplexing technique and, generally,
practical multiplexers need some tuning after fabrication. The multiplexer presented in
this chapter is composed of microstrip bandpass filters. Unlike the waveguide
multiplexers, the microstrip multiplexer has higher loss [9] and is difficult to tune after
fabrication. Therefore, precise design should be carried out before fabrication. In spite of
these drawbacks, the reasons for selecting the microstrip filter as channel elements are

its compact size, light weight, low cost fabrication, and easy integration with other
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microstrip circuits in a system. Some of the circuits in the system that will be integrated
with the multiplexer include phase shifters, MMIC amplifiers and microstrip feed
wideband antennas. The configuration of the multiplexer is shown earlier in Fig. 17.
There are two groups of filters for transmit and receive paths and each group has three
filters corresponding to each passband channel. Because of the grouping of filters, the
variable range of the length of the line between each filter becomes limited, which
makes the design of the multiplexer more difficult than the design of manifold
multiplexer.

Since the multiplexer presented here covers an extremely wide bandwidth and the
filters are composed of half wavelength resonators, the physical dimensions vary a lot
from filter to filter. Fig. 26 shows the relative sizes of the filters in the transmit path
group. The size variation of the filter is another obstacle to the design of the wideband
multiplexer, especially for compact multiplexers. To make the final multiplexer more
compact, the filters centered at lower frequencies are bent and the method presented in

section 3 is applied to suppress the spurious passbands as in Fig. 27.
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Fig. 26. Relative sizes of filters in the transmit path.

Compared with the results in Fig. 25 for the unbent proposed filters, the simulated
results in Fig. 28 show that the bent filter has almost the same main passband response
and slightly better suppression of the spurious passbands at the second and third
harmonic frequencies (2 fj, 3 fy). By bending a resonator of the filter, the structure is
perturbed and more difficult to form the passband at the third harmonic frequency. The
filters for the mid frequency bands, which are 19 and 21 GHz, are tilted by 20 degrees

for compactness of the multiplexer.
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With all the filters corresponding to each channel designed, the next step in
designing a multiplexer is to connect filters together with the requirements of compact
size, low insertion loss, high return loss at each channel, and good isolation between
channels. This procedure is normally done by optimization. However, when the number
of channel increases, the number of optimization variables increases more and it is
extremely difficult and time consuming for a full-wave electromagnetic simulator to
optimize all variables. Therefore, the method used in this research uses both a full-wave
and a circuit simulator. The full-wave simulator used is IE3D [29] and the circuit
simulator is Microwave Office [38]. Before the optimization procedure, to reduce the
optimization time and the possibility of falling into a local minimum, a guideline for the
initial lengths of the microstrip lines connecting each filter has to be found. Fig. 29
shows the variation of the frequency response of the channel filter with the length
between the filters. The filters centered at 10 and 35 GHz are selected because they are
the two extreme cases and have the longest and the shortest resonators among the

channel filters in the multiplexer, respectively.
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Fig. 27. Layouts of bent filters designed at (a) 10 GHz and (b) 12 GHz.
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Fig. 29. Variation of the frequency response of the channel filter with the length between
the filters. (a) Filter centered at 10 GHz. (b) Simulated insertion loss of the filter centered
at 10 GHz. (c) Filter centered at 35 GHz. (d) Simulated insertion loss of the filter
centered at 35 GHz.
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Fig. 29 shows the insertion loss does not change much if the L is between 0.7 and
1.3 wavelengths. It can be reasoned that the length of the line L (from the feed line of a
filter to the first resonator of other filters) should be in the range of even multiples of the
quarter wavelength at the center frequency of the filter and + 0.3 wavelength for the line

to act like an open stub. For example, if the L in Fig. 29 (a) is one wavelength lgl, the

total length of /5; becomes four quarter wavelengths, resulting in the best insertion loss.
Therefore, from many simulation results, it is found that for an acceptable insertion loss

the length of the line L should be
A A
Zn%k—OB/lgk <ly <2n%k+0.3/1gk, n=1273, (6)

where / jk means the length from the feed line of the k™ filter to the end of the first
resonator of the j# filter and /ng is the guide wavelength at the center frequency of the

k™ filter in Fig. 17. Therefore, the best choice is to set the lengths of the connecting

lines such that (6) is satisfied for all possible / ik ’s for j#k . For example, [, is

considered as /g3 and /g5 at the same time for the filters in the transmit path and each
length should satisfy (6) for /1g1 , /1g3 and /1g5 simultaneously. Unfortunately, it is
almost impossible to satisfy the above condition for all six filters, keeping the length as

short as possible for a compact multiplexer. It turns out to be a good choice to apply (6)

to the lines connecting filters designed at lower and higher frequencies, that is 10, 12, 32,
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and 35 GHz and resort to computer optimization for the final lengths of all / ks The

complete design procedure of the multiplexer is illustrated by the flow chart in Fig. 30

and explained step by step as follows.

Filter design for each
channel

}

Parameter extraction
of the filters

)

Import the parameters to
the circuit simulator as
sub-circuits

I

Placement and connection of
the sub-circuits with other
circuit models

}

Calculate the initial
dimensions of the
models

A
Optimazation
using the circuit
simulator Change the
optimization
setups within

the final goals

Simulation and partially
tuning the result using the
full-wave simulator

No

Requirements met

Yes

End

Fig. 30. Flow chart of multiplexer design.
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Step 1) Design each channel filter

Step 2) Extract the S-parameters of each designed channel filter using the full-wave
simulator for the entire operating frequency range of the multiplexer.

Step 3) Import the extracted S-parameters of each filter using the circuit simulator as a
sub-circuit

Step 4) Place and connect the sub-circuits corresponding to each channel filter with
circuit models like microstrip lines, bend, and junctions, provided by the circuit
simulator. The placement should be done with the consideration about the actual
layout of the filters inside the multiplexer.

Step 5) Set the initial line lengths connecting filters designed at lower and higher
frequencies according to the equation (6). Care should be taken in setting the
variable range of the length such that the final results should be physically
realizable.

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

Step 7) Verify the optimized result using the full-wave simulation. If the performance is
acceptable, it is the final design. If it is not acceptable, tune the design using the
full-wave simulator or change the optimization setups slightly within the goals

and rerun the optimization.



Port 1

4.25 cm 10 GHz |

1| || Transmitting

(10,12, 19, 21, 32, 35 GHz)

——
—

Receiving | |
path path I

Port 3
(12, 21, 35 GHz)

Port 2
(10,19, 32 GHz)

|-
»

4.67 cm

Fig. 31. Physical layout of the designed six-channel microstrip multiplexer.
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L1 0.84 L5 3.58 L9 5.97 L13 8.59
L2 1.19 L6 9.98 L10 9.78 L14 7.39
L3 11.43 L7 8.81 L11 1.50 L15 8.41
L4 1.98 L8 9.80 L12 3.48 L16 5.82

Fig. 32. Physical dimensions of the distances for the interconnecting lines between the
channel filters. (Unit: mm)

The layout of the designed multiplexer following the procedure is shown in Fig. 31
and the physical dimensions are shown in Fig. 32. The designed multiplexer is measured
with the HP 8510C Network Analyzer and the measured results are plotted in Fig. 33

together with the simulation results. To remove the effect of the connectors, the
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measured results are calibrated using a Thru-Reflect-Line (TRL) calibration. Referring
to the block diagram in Fig. 17, the measured insertion losses are 2.2, 3.1, 3.2, 2.0, 2.8,
and 3.0 dB at 10, 12, 19, 21, 32, and 35 GHz, respectively. The insertion loss at 35 GHz
is smaller than that of the diplexer reported in [9]. The isolation for any channels
between port 2 and 3 shown in Fig. 17 is more than 30 dB. A good agreement between

the simulation and measurement results is achieved.

—t— §21 Simulation
ol —0—— S31 Simulation

S-parameters [dB]

20 24 28,
Frequency [GHz]

(a)
Fig. 33. Simulated and measured frequency responses of the six-channel
multiplexer. (a) Simulated responses for S21 and S31, (b) Measured responses for S21
and S31, and (¢) Simulated and measured responses for S11.
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4.5. Conclusions

A 10-35-GHz six channel microstrip multiplexer for wideband communication
systems has been presented. The multiplexer is composed of the microstrip parallel
coupled-line bandpass filters. Since the operating frequency range is extremely wide, the
channel filters centered at lower frequencies should have a way to suppress the spurious

passbands at their harmonic frequencies. A new method of suppressing the spurious



63

passbands has been presented. The method is simple and does not require any changes to
the design of the conventional microstrip parallel coupled-line filters. The method is
applied to the filters centered at 12 GHz and verified to be effective by both simulation
and measurement.

The design procedure for the microstrip multiplexer has been presented together
with a rule of initial setup for optimization. The multiplexer designed does not need
tuning after fabrication and measurement results show good performance over the entire
operating frequency range. The insertion losses are between 2.0 and 3.2 dB. The return
losses are better than 10 dB for all six channels although for some of the channels, the
bandwidth for the return loss better than 10 dB is narrow. The multiplexer developed in
this chapter is used in the wide-band transceiver system described next chapter and
should have many applications in multi-band communication systems requiring full-

duplex operation.
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CHAPTER V

A MULTI-BAND, COMPACT, AND FULL-DUPLEX BEAM
SCANNING ANTENNA TRANSCEIVER SYSTEM OPERATING

FROM 10 TO 35 GHZE

5.1. Introduction

Recent development trend in both commercial and military wireless
communication systems calls for a system that can operate over multi-frequency bands.
A wideband phased-array antenna transceiver system is an active research topic to
answer such a technological demand. Phased-array antenna transceiver systems have
been widely used in variety of areas like medical imaging, vehicle collision avoidance
radar, remote sensing applications, radars, and satellite communication systems [39],
[40] since the concept of the phased-array was proposed in 1889 [41]. But the bandwidth
of phased-array antenna system is limited by several components in the system. Recently,
a phased-array antenna transceiver system operating over a bandwidth more than 10
GHz was reported [15].

Wideband Transmit/Receive (T/R) module, wideband antenna element, wideband

phase shifter and control circuit, and phased-array architectures are the basic

* © 2006 IEEE. Parts of this chapter are reprinted, with permission, from S. Hong, S.-G. Kim, M. R.
Coutant, C. T. Rodenbeck, and K. Chang, “A multiband, compact, and full-duplex beam scanning antenna
transceiver system operating from 10 to 35 GHz,” IEEE Trans. Antennas Propag., vol. 54, No. 2, pp. 359 -
367, Feb. 2006.
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components required to build a phased-array antenna transceiver system operating in
multi-frequency bands. Compactness of a system is another important issue in wireless
communication system designs, especially in satellite communication systems, where
the cost for launch per kilogram of mass is comparable to the cost for the satellite
development itself [42]. Moreover, satellite communication systems normally require
full-duplex operation. The system should transmit and receive signals simultaneously.
These requirements for a compact phased-array antenna transceiver system, which can
operate in full-duplex mode beyond the current bandwidth limit, motivate this research.
For full-duplex operation, microstrip multiplexers presented in Chapter IV are used to
provide isolation between transmit and receive paths of the T/R module. The multiplexer
connected with MMIC amplifiers plays a key role in achieving full-duplex operation
over an ultra-wideband frequency range from 10 to 35 GHz.

Among many types of wideband antennas, Vivaldi antenna is chosen for this
research as an antenna element of the phased-array antenna system, because of its
relatively high gain for a given cross section [43] and compact size for a wide frequency
band. Vivaldi antenna is a continuously scaled, gradually curved, and end-fire traveling
wave antenna with unlimited operating frequency range in theory. But the actual
bandwidth is limited by its size and the transition mechanism [44]. In this research,
Vivaldi antennas operating from 8 to 35 GHz are designed and arranged as a 1 x 4 H-
plane array. The beam steering capability of the antenna array is demonstrated using a
piezoelectric transducer (PET) controlled phase shifter. The array is integrated with the

wideband T/R module to demonstrate the multi-frequency operation of phased-array
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antenna transceiver system introduced in this chapter and to show the possibility of
building a larger array.

This research expands the bandwidth of a transceiver system in [15] by more than
10 GHz. The resulting operation bandwidth of the system is unprecedented. Furthermore,
the transceiver system in this chapter has made remarkable progress by increasing the
number of channels from 4 to 6 while decreasing the size by 84 %. The six-channel
multiplexer which is made of microstrip filters and operating from 10 to 35 GHz is never

published before.

5.2. Wideband T/R module

The wideband T/R module consists of two multiplexers and cascaded MMIC
amplifiers. The multiplexer routes 10, 19, and 32 GHz signals to transmit path and 12,
21, and 35GHz to receive path. The layout of the designed six-channel multiplexer is
shown in Fig. 31 and its simulated and measured frequency responses are shown in Fig.

33.
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The T/R module uses a 10—32-GHz power amplifier (PA) and a 12—35-GHz low
noise amplifier (LNA). These amplifiers are built using monolithic microwave integrated
circuits (MMICs) available from TriQuint Semiconductor. The parts selected are listed in
Table 6 together with the nominal performance specifications for each ultra-broadband
MMIC chip. To form the transmit path, two TGA4832s are cascaded. The receive path

consists of two TGA4830s and one TGA 4832.



68

TABLE 6. MMIC selections for the T/R module. All parts are manufactured by TriQuint
Semiconductor. Performance for the LNA is listed at 12, 21, and 35 GHz; performance
for the PAs is listed at 10, 19, and 32 GHz.

Frequency (GHz) Performance
LNA/PA LNA (TGA4830) PA (TGA4832)
Gain=13 dB
10/12 Gain=13 dB
Pout @ P1dB=11.5 dBm Pou @ P1dB = 19 dBm
Noise Figure = 2.5 dB
1901 Gain=12.7 dB Gain=12.8dB

Pou @ P1dB = 10.4 dBm Pou @ P1dB = 18.3 dBm

Noise Figure = 3.2 dB
Gain=12dB Gain=12.5dB
Pou @ P1dB = 10 dBm Pou @ P1dB =16 dBm

Noise Figure = 3.8 dB

32/35

The MMIC amplifiers are assembled on molybdenum (Mo) carriers with alumina
Thin Film Networks (TFNs) interfacing to the outside world as shown in Fig. 34. This
type of assembly is commonly used in industry for the testing of single MMIC die. The
assembly is more easily implemented than a full module, which is composed of five
MMICs, while allowing easy interchangeability and testing of the MMIC die. Single
layer chip capacitors provide RF grounding in close proximity to the MMIC. The
molybdenum alloy closely matches the thermal coefficient of expansion for gallium
arsenide and provides thermal dissipation for the MMIC. 0.25-mm-thick alumina TFNs
with 50-Q microstrip lines interface the MMIC RF input and RF output to adjacent

stages. Thin 0.25-mm-thick alumina is used to keep the RF bond wires between the
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MMIC and the TFN as short as possible lowering the added inductance in the RF path.
TFNs also interface the DC bias pad on the MMIC to the power supply wires.
Components are attached to the Mo carrier plates using conducting epoxy.

The measured performance of the assembled TGA4830 and TGA4832 are shown
in Figs. 35 and 36. The return loss is less than 10 dB at some frequencies. This is
attributed to the imperfection of the bond wires, test fixture and connections. With these
assemblies a T/R module is built to prove the module design and full-duplex operation in
integration with the phased antenna array.

The layout of the T/R module is shown in Fig. 37. One multiplexer is placed
between the end of the cascaded MMIC amplifier assemblies and the antenna array and
another mirror-imaged multiplexer is connected at the other end of the cascaded MMIC
amplifier assemblies. Between the two multiplexers, two TGA4830 and one TGA4832
amplifiers are cascaded in the receive path, while two TGA4832s are used in the
transmit path. Because the RF ports of each MMIC assembly are not DC blocked on-
chip, external DC blocking capacitors must be placed in the RF path between dies in
both the receive and the transmit paths. 100-pF single layer capacitors were mounted

onto the 50-€2 TFNs using conductive epoxy.
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Fig. 36. Small-signal S-parameters of TGA4830 assembly.

Bond wires connect the capacitor to the adjacent TFN. DC blocks are not needed

between the die and the multiplexers because the edge coupled filters block DC current.
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Since the multiplexer is made of copper microstrip lines, gold wires used in bonding
machines can not be connected to the multiplexer. Therefore, the tips of port 2 and port 3
of the multiplexer shown in Fig 31 are plated with gold. With gold plating, the
multiplexer and the RF TFNs of the MMIC assemblies can be connected with bond

wires.
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Fig. 37. Layout of the T/R module composed of two multiplexers, two TGA4832s and
three TGA4830s. (Unit: cm).

The calculated noise figures of the T/R module at each receiving frequency are

7.42 dB at 12 GHz, 8.41 dB at 21 GHz, and 11.22 dB at 35 GHz, respectively. The
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measurements were done at 12 and 35 GHz only, because of the availability of the
equipment. The measured noise figures are 8.05 dB at 12 GHz and about 12 dB at 35
GHz. Although the measured noise figures are slightly higher than the calculated ones,

they agree very well with the calculated ones.

5.3. Antenna and array

This section describes the design of the antenna elements, phase shifters, and
antenna arrays. These components are illustrated in the photograph shown in Fig. 38. K-
connectors are used to connect components for their good performance up to 40 GHz.

The key components are a 1 x 4 H-plane array of antipodal tapered slot antennas
and a multi-line PET-based phase shifter. In addition, there is a 1 x 4 wideband
microstrip power divider and a space adapter. These components are inexpensive, can be
easily operated over wide bandwidths, and can be scaled depending on the requirements
of the design. The space adapter located between the antenna array and phase shifter is
used to adapt the narrow antenna spacing to the wide spacing for the phase shifter
circuits. These components are inexpensive, can be easily operated over wide

bandwidths, and can be scaled depending on the requirements of the design.
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Fig. 38. Configuration of a 1 x 4 H-plane phased-array operated by a PET-controlled
phase shifter. From left to right are 1 x 4 power divider, PET controlled phase shifter,
space adapter, and 1 x 4 H-plane antenna array.

The geometry of an antipodal tapered-slot antenna (ATSA) is shown in Fig. 39.
The antenna can achieve very wideband performance due to its elegant transition from
microstrip line [44, 45]. The substrate for design is selected to provide mechanical

rigidity while keeping the effective thickness within 0.005A, to 0.03A, across the
operating bandwidth. The effective thickness (Z) can be calculated as ., = t(\/g -1,

where ¢ is the physical thickness of a substrate [46]. The slot flare length (/) and width
(2d+w) of the designed ATSA are 4.32 and 2.54 cm, respectively. The microstrip

transition at the input is tapered circularly to parallel-strips for the antenna feed. The
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antenna length / is chosen according to the empirical guidelines of [46] while also
considering the practical stability of the antenna. The flare is tapered exponentially with
the opening rate determined using recursive optimization in CST Microwave Studio®
[47]. Fig. 40 shows that the simulated and measured return losses of the designed ATSA

are better than 10 dB across the 8 to 35 GHz bands.

Fig. 39. Schematic illustrating an antipodal tapered-slot antenna (ATSA).

A PET-controlled multi-line phase shifter is also shown in the photograph of Fig.
38. A dielectric perturber is attached to a PET actuator and suspended above a series of
microstrip lines. The perturber’s triangular shape creates a progressive phase shift that
can be varied by using the PET to adjusting the height of the perturber above the
microstrip lines. The progressive phase shift between any two neighboring microstrip

lines can be calculated as:

89 =AL- 22 (Je (D ~feg(1)) )

where AL is the progressive length of the perturber above the microstrip lines and

Epi(f) and &2(f) are the effective relative permitivities of the perturbed and unperturbed
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microstrip line, respectively [48]. Equation (7) represents a true time delay (TTD) phase

shift capable of linear operation over a wide range of frequencies.
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Fig. 40. Simulated and measured return loss of the ATSA.

The phase shifter is designed to operate over the 10 - 35 GHz bands. The PET-
controlled phase shifter is fabricated on RT/Duroid 6010 (¢,= 10.2) with the thickness of
0.38 mm. A dielectric material of 1.27-mm-thick TMMI10 (g, = 10.2) is used as a
perturber. The maximum progressive phase shifts of 90° at 35 GHz is designed to
achieve the scan angles of 20°. Fig. 41 shows the measured S-parameters and differential
phase shifts for the fabricated phase shifter. The differential phase shifts are the phase
shifts of the second, third and fourth lines relative to the first line of the phase shifter.

The first line is not affected by the perturber and sets the phase reference. The return loss
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is better than 10 dB for the operating frequency range, and the insertion loss is less than

4 dB at 35 GHz with full perturbation. This insertion loss includes the losses due to the

connectors and line lengths.
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Fig. 41. Measured performance of the phase shifter. (a) S-parameters. (b) Differential
phase shift.
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The 1 x 4 H-plane phased-arrays of the type shown in Fig. 38 are designed using
the ATSA elements and phase shifters discussed earlier. The arrays are fed by using a
wideband Chebyshev power divider. The array spacing is chosen sufficiently small to
prevent grating lobe formation when the beam is steered in the H-plane at the highest

operating frequency. The array spacing is 6 mm, corresponding to 0.2 A, at 10 GHz and

0.7 X, at 35 GHz.
In addition, the ATSA elements are placed in an alternating “mirrored” array
architecture [49]. Though able to provide very wideband performance, ATSA elements

and arrays traditionally suffer from high cross polarization levels due to the placement of
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the tapered slot flares on different layer of the same substrate. This problem can be
eliminated, however, by mirroring the elements in the array, as shown in Fig. 42. Doing
so places a null in the cross-polarization pattern in the direction of the co-polarization
maximum. This array approach, which is adopted in this research, can also be applied to

two-dimensional arrays.

/X

[>

VAR, .V

)

Fig. 42. Mirrored ATSA array architecture.

Fig. 43 shows the normalized steered beam patterns measured at 10, 12, 19, 21, 32,
and 35 GHz. The unperturbed cases represent the antenna patterns measured without any
external bias to the PET-controlled phase shifter. When 40 V external bias is applied to
the PET-controlled phase shifter, each beam is steered more than 20 degrees from
broadside in the H-plane. An additional perturber can be added to steer the beam in both
directions [15]. Cross-polarization level for the unperturbed case is less than 20 dB
below the co-polarization. This excellent linear polarization is due to the mirrored array

arrangement described earlier. When the main beam of a co-polarized pattern is steered,
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the null point of a cross-polarized pattern is also steered. Therefore, the null point of a

cross-polarized pattern is always at the main beam direction maintaining the reduced

cross-polarization level.
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Fig. 43. Measured beam steering patterns at (a) 10 GHz. (b) 12 GHz. (¢) 19 GHz. (d) 21
GHz. (e) 32 GHz. (f) 35 GHz.
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5.4. System integration and test

To demonstrate the functionality of the phased-array antenna in integration with
the T/R module over the designed frequency range of 10 - 35 GHz, the antenna array and
the T/R module are connected together as a phased-array antenna transceiver system.
The transceiver system built for the functional test is shown in Fig. 44. Before the T/R
module is connected with the antenna array, the gain of the T/R module is measured
alone using the 8510C network analyzer. Fig. 45 shows the measured results of the T/R
module, which is composed of a multiplexer, cascaded MMIC amplifiers, and a second
multiplexer as shown in Fig. 37. The gains of transmit path composed of two PAs at the

peaks of passbands are 16.4, 9.9 and 5.4 dB and for the receive path, the gains are 19.9,
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16.6, and 3.7 dB at the peak of each passband, respectively.

)

Fig. 44. Photograph of the phased-array antenna transceiver system composed of phased-
array antenna and T/R module.

Because two MMIC amplifiers are cascaded in the transmit path while the receive
path has three stage MMIC amplifiers, the gains at 10 and 19 GHz are smaller than those
of receive path at 12 and 21 GHz. The gain drops severely in the millimeter wave region
because the losses caused by the connectors, bonding wires connecting MMIC
assemblies, bonding wires between the MMIC assembly and the multiplexer, and the

capacitors epoxied onto the TFNs increases much as the frequency goes into the
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millimeter-wave region, especially beyond 35 GHz. Another cause of the loss is
degradation of the RF TFNs by many times of wire bondings during the test. The
performance can be improved by using better MMIC amplifiers and avoiding the use of

capacitors between them.
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Fig. 45. Measured frequency responses of the T/R module.

If each antenna element has its own T/R module connected to itself, the phase
shifter can be placed behind the T/R module for better output power and lower noise

figure. In this case, the noise figure will be dominated by the noise figure of the first
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amplifier of the T/R module and the loss of the phase shifter will have little effect.
However, four T/R modules will be required instead of one.

The antenna patterns for all the six frequencies corresponding to the passbands of
the T/R module were measured in the anechoic chamber of Texas A&M University. In
the receive site of the chamber, an antenna is mounted on a rotator and connected to a
mixer of the receiver system. In the transmit site, an antenna is fixed with a HP 8349B
wideband amplifier connected to it. For the measurement of the transceiver system, the
transceiver system is mounted on the rotator, connected to the mixer of the receiver
system. A standard horn placed in the transmit site transmits signals. The receive
patterns of the transceiver system are measured first at three receive frequencies of 12,
21, and 35 GHz. Then the transmit patterns of the transceiver system at three transmit
frequencies of 10, 19, and 32 GHz are measured after changing the positions of the
standard horn and the transceiver system. To show the beams steering characteristics of
the whole system, the radiation patterns with T/R module and 40 V bias applied to the
phase shifter are measured. The measured patterns are shown in Figs. 46 and 47 in
comparison with the antenna patterns without the T/R module. Table 7 shows measured
gains of the antenna array with and without T/R module at its beam peak and the
measured gain of the T/R module at each operating frequency. As can be seen in the

Table 7, the gain of the array system increased by the gain of the T/R module.



86

TABLE 7. Measured gain of the antenna array with and without T/R module and the
measured gain of T/R module at each operating frequency. (T and R denote transmit and
receive frequencies, respectively).

annel [GHz] 10 12 19 21 32 35
Gain [dB] T R T R T R
Array without T/R module
and with phase shifter 47 | 76 | 71 | 87 | 46 | 45
Array with T/R moduleand | ) | »c o | 169 | 258 | 105 | 84
phase shifter
T/R module 164 | 199 | 99 | 166 | 54 | 3.7

------------ Without T/R module & with phase shifter (0 V)
With T/R module & phase shifter (0 V)
30 a With T/R module & phase shifter (40 V) —

20

-
o
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ool oy | | | |
‘80 -60 40 20 0 20 40 60 80
Angle [deg]

(2)

Fig. 46. Measured receive patterns of the phased-array antenna transceiver system for
the receiving frequencies. (a) 12 GHz. (b) 21 GHz. (¢) 35 GHz.
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Fig. 46. Continued.
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Fig. 47. Measured transmit patterns of the phased-array antenna transceiver system for
the transmitting frequencies. (a) 10 GHz. (b) 19 GHz. (c¢) 32 GHz.
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Fig. 47. Continued.

5.5. Conclusions

A 10—35-GHz, compact, multi-frequency, and full-duplex phased-array antenna
transceiver system has been demonstrated. The system is possible by virtue of the
components operating over a wide frequency range. The antenna elements, phase shifter,
multiplexers and MMIC amplifiers, all operate over the 10 to 35 GHz frequency range.
Full-duplex operation of the six-channel multiplexer and the beam scanning capability of
the ultra-wideband Vivaldi antenna have been demonstrated. Finally, the phased-array
antenna transceiver system was built by connecting the phased-array antenna block and

the T/R module. It has been demonstrated that the whole transceiver system transmits
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signal at 10, 19 and 32 GHz and receives signal at 12, 21 and 35 GHz with a beam
scanning ability. The transceiver system should have many applications in wideband

satellite communication systems and radar systems
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CHAPTER VI

ULTRA-WIDEBAND LOW-COST PHASED-ARRAY RADARSEI

6.1. Introduction

Rapid progress in telecommunication and radar technology is placing increasing
demands on wireless system performance and functionality. Personal communications
systems, for example, can now accommodate multiple functions and protocols [e.g.,
Global Positioning System (GPS), Universal Mobile Telecommunication system
(UMTS), Personal Communication System (PCS)] within a single RF front end. A
parallel process of convergence is beginning to take place within the military arena.
Modern naval and aerospace vehicles are required to provide a large and increasing
number of sensing functions, leading to a proliferation in the number of onboard phased
arrays and radar systems. To reduce the number and collective cost of these systems,
current research programs seek to integrate multiple systems and functions operating in
different frequency bands into a single ultra-wideband system [50].

Although broadband phased array systems are a longstanding topic of interest [51],
progress has recently been made using ultra-wideband tapered slot antennas together
with true-time delay phase shifters [52, 53]. In [15], a low-cost four-channel 10—21-

GHz phased array transceiver was demonstrated for communications applications.

" © 2005 IEEE. Parts of this chapter are reprinted, with permission, from C. T. Rodenbeck, S.-G. Kim,
W.-H. Tu, M. R. Coutant, S. Hong, and K. Chang, “Ultra-wideband low-cost phased-array radars,” /IEEE
Trans. Microw. Theory Tech., vol. 53, No. 12, pp. 3697 - 3703, Dec. 2005.
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In this research, extremely wideband phased array antennas are demonstrated as an
enabling technology for low-cost multi-band and multi-function radar systems. Two
designs are presented, one operating from 3 to 12 GHz and the other operating from 8 to
20 GHz. Both the 3—12- and 8—20-GHz systems cover frequencies commonly used for
military radar and imaging. In addition, the 3—12-GHz system covers the frequencies
designated by the US Federal Communications Commission for civilian ultra-wideband
radar  applications such as ground penetration, through-wall imaging,
surveillance/security, and medical imaging [54]. Both designs use antipodal tapered-slot
antennas (ATSA) in a novel mirrored array architecture to achieve ultra-wideband
performance and low cross polarization. Beam steering is achieved across the complete
operating bandwidths using low-cost piezoelectric transducer (PET) phase shifters. A
broadband monolithic microwave integrated circuit (MMIC) power amplifier (PA)
integrated into these designs addresses the traditional challenge of broadband microwave
power generation. The PA operates over the 2—20-GHz decade with more than 29 dBm
of output power and 15.8 dB of gain.

System tests demonstrating pulse-radar target ranging and phased-array beam
steering are performed with excellent results for each array design. This approach is
scalable in size and function for application to a variety of systems, with extended
bandwidth and reduced cost in comparison with the state-of-the-art. These results are
accordingly expected to stimulate further advances in microwave front-end designs for

multi-function RF phased arrays and radars.
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6.2. Antennas, array, and phase shifters

The design of the antenna elements, phase shifters, and antenna arrays are
described here. The assembled subsystem of the radars is illustrated in the photograph
shown in Fig. 48. The subsystem is composed of a multi-line PET-based phase shifter
and a 1 x 4 H-plane array of ATSAs, whose geometry is already shown in Fig. 39 of
Chapter V. Two different designs of ATSA elements are used to cover the respective
8—20- and 3—12-GHz bands. Table 8 lists the design parameters for both models,
identified as “Design A” and “Design B”. Different sizes for the elements are used in
Designs A and B in order to provide a satisfactory tradeoff between scan range and

element gain for each of the respective bands
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1x4 ATSA

Array
Dielectric

Perturber

Fig. 48. Configuration of a 1 X 4 H-plane array operated by a PET-controlled phase
shifter. The 8—20-GHz design is shown.

Fig. 49 shows that the measured return losses of the designed ATSAs are better
than 10 dB across the 8—20- and 3—12-GHz bands. The measured gain of Design A is
4.9 dBi at 8 GHz, 6.8 dBi at 12 GHz, and 7.8 dBi at 20 GHz. The measured gain of
Design B is 4.3 dBi at 3 GHz, 8.2 dBi at 7 GHz, and 13.8 dBi at 12 GHz.

Two PET-controlled multi-line phase shifters are designed to operate over the 8—
20- and 3—12-GHz bands. Complete design parameters are given in Table 9. The

maximum progressive phase shifts of 100° at 20 GHz and 80° at 12 GHz are designed to

achieve scan angles of 30° and 20°, respectively. Fig. 50 shows the measured S-
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parameters and differential phase shifts for the 8-20 GHz design. The return loss is better
than 10 dB for the operating frequency ranges, and the insertion loss is less than 4 dB at
20 GHz with full perturbation. This insertion loss includes the losses due to the
connectors, power divider, and line lengths. Fig. 51 shows the measured differential

phase shifts for the 3-12 GHz design.

TABLE 8. Dimensions of the designed ATSAs.

Design Parameter Design A Design B
Frequency range (GHz) 8-20 3-12
Substrate dielectric constant, &, 2.2 2.33
Substrate thickness (mm) 0.38 0.79
SLOT LENGTH, L (MM) 43.2 130
Edge width, d (mm) 5.1 15

Slot width, w (mm) 15.2 80

TABLE 9. Dimensions of the designed phase shifters.

Design Parameter Type A Type B
Frequency range (GHz) 8-20 3-12
Substrate dielectric constant, & 10.2 2.2
Substrate thickness (mm) 0.38 0.38
Perturber dielectric constant, &, 9.2 10.2
Perturber thickness (mm) 1.27 1.27
Incremental length of the perturber 15 17

over the microstrip line, AL (mm)
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Fig. 51. Measured differential phase shift of the phase shifter operating from 3 to 12

GHz.
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The arrays are fed using wideband Chebyshev power dividers. The array spacing is
chosen be sufficiently small to prevent grating lobe formation when the beam is steered
in the H-plane at the highest operating frequency. The array spacing in the 8—20-GHz
design is 9.4 mm, corresponding to 0.25 A, at 8 GHz and 0.63 A, at 20 GHz. The
spacing in the 3—12-GHz case is 18 mm, meaning 0.18 A, at 3 GHz and 0.72 A, at 12
GHz. The measured gain of Design A at broadside scan is 4.8 dBi at 8 GHz, 6.5 dBi at
12 GHz, and 8.9 dBi at 20 GHz. For Design B at broadside scan, the measured array

gain is 9.2 dBi at 3 GHz, 12.4 dBi at 7 GHz, and 14.4 dBi at 12 GHz.

6.3. 2—20-GHz MMIC-based amplifiers

The goal of this research is to demonstrate low-cost, ultra-wideband phased arrays
for pulse radar applications. Such a demonstration would not be possible, however,
without a broadband power amplifier (PA) for the transmitter and low-noise amplifier
(LNA) for the receiver. To meet this need, a 2—20-GHz MMIC-based PA and LNA are
assembled and incorporated within the system. Fig. 52 illustrates the method of
integration. Each MMIC amplifier is solder-mounted on a gold/nickel-plated
molybdenum carrier, which is also used in Fig. 34 of Chapter V. Same procedures as
explained in the section 2 of Chapter V, are applied to assemble the MMIC module
shown in Fig. 52. LNA MMICs covering the 2—20-GHz decade are currently available
from multiple vendors. In this system, two Velocium ALH102C LNA chips are used to
build up the receive LNA for the radar. Across the 2—20-GHz band, gain of each device

varies from 8 to 12 dB, and noise figure varies from 2 to 4 dB. The power dissipation
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totals 220 mW for both chips.

w B

Fig. 52. A photograph of the assembled PA module including the TGA2509 MMIC, the
50-C lines at the input and output, and the bias networks.

High-power MMIC amplifiers operating from 2 to 20 GHz have only recently
begun to enter the commercial market. This system uses the TriQuint TGA2509 MMIC
power amplifier. This chip provides over 29 dBm of power with at least 15.8-dB gain
across the 2—20-GHz band, performance that surpasses previously published results for
amplifiers of this class [55 - 57]. The layout of the chip is included in Fig. 52. The chip

size is 7.5 mm®. The first stage of this distributed amplifier utilizes cascode cells to
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enhance the gain while providing an option for automatic gain control. The second stage
utilizes common source cells to provide high output power over the entire band. Both
stages employ capacitive division on each cell to extend the upper band edge to 20 GHz.
Gate bias is provided through the gate termination resistor, while the drain bias is
provided through an on-chip low-pass network. The drain voltage is 12 V, and total
power consumption is 13.2 W. As illustrated in Fig. 53 small-signal gain exceeds 15.8

dB and saturation power exceeds 29 dBm over the entire 2—20-GHz band.

40
—S21
35 A —>—P1dB
—— Psat
T Teee————
3
@ 25 -
o
T 20
o
]
B A\/\_//\_/—\’_
e 151
>
=
10 -
5-
O Ll Ll Ll Ll
2 6 10 14 18

Frequency (GHz)

Fig. 53. Gain and output power of the PA MMIC versus frequency.



101

6.4. System tests

For system-level measurements, the PET-controlled antenna arrays are
incorporated with the MMIC-based amplifier modules and tested using the setup shown
in Fig. 54. A pulse-modulated synthesized source feeds an HP 8349B wideband driver
amplifier that in turn feeds the 2—20-GHz PA module. The PA drives the PET-
controlled phased array previously shown in Fig. 48. An identical PET-controlled array
is used for the receiver so that both phased arrays can be controlled using the same bias
voltage. Alternatively, a single antenna array can be used with the addition of a
wideband duplexer switch. The receiving phased array feeds the 2—20-GHz LNA
module, which in turn feeds an HP8472B Schottky diode detector and an IF amplifier.

The detected waveform is compared with a timing signal to determine target range.

Phase Shifter ~ ATSA
Array

Driver PA !

Synthesized \ P
Source \ J > I

Phase Shifter ~ ATSA
Array
Detector

IF Amp LNA o
Data | I
Acquisition \ \ !

Fig. 54. System block diagram illustrating the test setup for the beam-steerable pulse
radar.
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A movable 1 x 1 m aluminum reflector serves as the target. The transmitter sends a
pulse-modulated signal onto the target, and the receiver picks up the return signal. The
distance between the target and the radar is varied, and the radar detects the variation in
this distance by measuring the time delay between the received signal and the timing
signal. This experimental setup is shown in Fig. 55. The results presented in this
research use an RF transmit signal that is pulse modulated at a pulse-repetition
frequency (PRF) of 20 MHz and at a duty cycle of 10 %. All measurements are taken

inside a 9-m indoor range.

Anechoic chamber

Antennas Metal Plate
D<]Tx: — || Target
D<] Rx
Synthe %

sizer Detector

Fig. 55. Experimental setup for the radar target range test.
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Received Pulse

Amplitude (2 V/division)

Timing Pulse

Time (50 ns/division)

Fig. 56. Detected waveform of the received signal can be compared with the waveform
of the timing signal in order to measure target range.

A plot illustrating a received pulse waveform and timing reference signal is shown
in Fig. 56. The measurement shown in this figure uses a transmit signal at 5.8 GHz to
range a target located 4.4 m away from the 3—12-GHz radar system. Ranging tests are
conducted at 5.8 GHz for the 3—12-GHz array and at 14 GHz for the 8—20-GHz array.
These frequencies are chosen because 5.8 GHz is a popular unlicensed frequency in the
3—12-GHz band and because 14 GHz is in the center of the 8-20 GHz band. As shown
in Fig. 57, the measured and expected time delays agree very well. The average error is

10.14° at 5.8 GHz and £0.13° at 14 GHz, which corresponds to an average error of about

0.8 inches at both frequencies.
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Fig. 57. Comparison between measured and ideal time delays for varying target ranges.

Target position can be determined by varying the beam steering angle [58]. Figs.
58 and 59 show the steered beam patterns measured from 8 to 20 GHz and from 3 to 12
GHz, respectively. Each beam is steered about 20° away from broadside in the H-plane.
The maximum external bias voltage to the PET phase shifters is 60 V for both frequency
ranges. Cross-polarization is less than 17 dB below the co-polarization with the mirrored

array approach described in Chapter V, which reduces cross-polarization levels by more
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than 20 dB at 20 GHz and 12 GHz. Imperfections in the measured patterns are due to
multiple factors: the incomplete progression in the phase shifts, the phase mismatches in
the connection points between the phase shifter and the antennas, the imperfect flatness
of the individual antenna elements, the mutual coupling between antenna elements, and

the reflection of incident energy from the circuit elements.
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Fig. 58. Measured beam steering patterns at (a) 8 GHz. (b) 16 GHz. (c) 20 GHz.
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Fig. 58. Continued.
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Fig. 59. Measured beam steering patterns at (a) 3 GHz. (b) 7 GHz. (¢) 12 GHz.
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Fig. 59. Continued.

The radiation patterns, nonetheless, can be further improved by an additional
optimization process and by finer fabrication tolerances.
Finally, effective isotropic radiated power (EIRP) varies approximately from 41 to

45 dBm over the 3—12-GHz range and from 35 to 38 dBm over the 8—20-GHz range.

6.5. Conclusions

Multiple radar systems can be consolidated within a single multi-function phased
array radar system. This research has demonstrated an inexpensive approach for
producing such a system using cross-polarization suppressed ATSA arrays, piezoelectric

true-time-delay phase shifters, and decade bandwidth 1-W monolithic power amplifiers.
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Two designs have been presented, one operating from 3 to 12 GHz and the other from 8
to 20 GHz. The technology is inherently scalable to larger arrays and should have wide-

ranging impact on ultra-wideband multi-function radar design.
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CHAPTER VII

SINGLE-FEED TRIPLE-FREQUENCY RECTANGULAR

MICROSTRIP PATCH ANTENNA WITH PAIRS OF SPUR-LINES

7.1. Introduction

Recent developments in wireless communications often require antennas with
compact size, low-cost and more than one operating frequencies. Due to its thin profile,
light weight, low cost and easy fabrication, the microstrip patch antenna can be a good
candidate for these requirements. Many dual-frequency designs of microstrip patch
antennas have been published [59 - 64]. Most designs use reactively loaded elements to
obtain dual-frequency operation [59, 60], while other designs use a multi-layer structure
[61, 62] or multi-patches [63, 64]. But these designs require complex manufacturing
procedures or larger size than that of the normal microstrip patch antenna. Compare to
the dual frequency designs, not many literatures have been reported about the triple-
frequency designs [65, 66]. In [65], three annular-ring slots are used instead of patch. In
[66], parasitic elements are added to the slot loaded patch antenna for triple-band
operation at the expense of large overall size. In this research, spur-lines are used to
excite new resonant modes between TM;y and TM;,y modes of the rectangular patch
antenna. Two pairs of spur-lines are embedded in the non-radiating edge of the patch.
The frequencies of new resonances are relatively independently tunable. Also, the

antenna is fed by an inset microstrip line, which alleviates the complexity of integration



111

with other microwave circuit components for array systems or MMIC applications. The
placements of the spur-lines have been decided considering the current distributions so
that good radiation can occur at the new resonant frequencies caused by the pairs of spur
lines. The physical dimensions of the spur-lines are optimized to obtain matching at the

three resonant frequencies.

7.2. Antenna design

Fig. 60 (a) shows a normal rectangular microstrip patch antenna fed by an inset
microstrip line at a radiating edge. The rectangular patch has dimensions of L = 17 mm
and W =18 mm and the operation frequency (fy) of 5.8 GHz. The width of feed line (W))
and the depth of inset from the edge (D) are 2.4 mm and 6.5 mm, respectively. The gap
between the feed line and the patch (G) is 0.4 mm. The antenna patch is printed on a
substrate with a relative dielectric constant, ¢, = 10.2 and thickness, 2 = 0.79 mm. Fig. 60
(b) is the configuration of a spur-line to be embedded in the rectangular microstrip patch

to excite extra resonances.
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(b)

Fig. 60. (a) Inset-feed rectangular microstrip patch antenna operating at 5.8 GHz (L =17
mm, W = 18 mm). (b) Spur-line to be embedded in the patch.

An extra resonance is achieved by embedding a pair of spur-lines in the non-
radiating edges of the patch antenna [67]. In this research, one more pair of spur-lines is
added for triple-frequency operation and direct inset feed is used instead of aperture-

coupled feeding. The inset microstrip feeding also has an advantage of easy integration
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with other circuit components. Fig. 61 shows some of possible configurations for

embedding two pairs of spur-lines in the non-radiating edges of the patch.

(b)

Fig. 61. Possible configurations of embedding two-pairs of spur-lines in the non-
radiating edges of the rectangular patch.
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(c)

Fig. 61. Continued.

But the configurations of Fig. 61 (a) and (b) have poor impedance matching and
the radiation efficiency is not good at one of the extra resonant frequencies caused by
embedding the spur-lines. The reason for the bad radiation efficiency can be attributed to
the existence of opposite current distributions around the two displaced spur-lines.
Simulation results show that the configuration of Fig. 61 (c¢) has good impedance
matching and radiation patterns at all three resonant frequencies.

The initial dimensions of the spur-lines are obtained following the equation in [28]
and then optimized using IE3D [29] to achieve good impedance matching at three

resonant frequencies. After embedding the spur-lines, the simulated results show that
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two extra resonances (f;, f>) are found at f/; = 6.78 GHz and f; = 7.75 GHz and the
fundamental frequency (fy) is perturbed to 5.11 GHz. Table 10 shows the optimized
physical dimensions of the spur-lines shown in Fig. 61 (c). The photo of the designed
triple-frequency patch antenna is shown in Fig. 62.

TABLE 10. Physical dimensions of the spur-line shown in Fig. 61 (c). The shorter spur-

lines are the pair of spur-lines located closer to the edge. The location of the spur-lines
from the edge with the feed line is L; = 4.5 mm. (Unit: mm)

Shorter spur-lines Longer spur-lines
a 6.86 (L)) 7.62 (L>)
b 0.25 0.25
Cc 0.25 0.25
d 0.63 1.27

The frequency ratio between the fundamental (f)) and the first extra resonant
frequency (f7) is 1.33 and the ratio between the fundamental and the second extra
resonance frequency (f>) is 1.52. These ratios can be tuned independently. Fig. 63 shows

that the frequencies of the extra resonances change with variations of spur-line length.



Fig.

62. Photo of the designed triple-frequency patch antenna.
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Fig. 63. Tuning of the extra resonant frequencies by varying the length of spur-lines. (a)
Change of the second extra resonant frequency with the variation of shorter spur-lines
(L)), (b) Change of the first extra resonant frequency with the variation of longer spur-

line length (L,). (Unit of lengths: mm)



118

O |-
5}
a -10F
" |
8
E -15+
3 | ¢
® ;
© 20 ;
+ |
. !
25T Poer s g soenz| |
———————— L2=7.12, f1=7.04GHz
" | —— L2=6.86, f1=7.19GHz
30 5 6 7 8 9
Frequency [GHz]
(b)

Fig. 63. Continued.

7.3. Experimental results

The measured return loss is shown in Fig. 64 in comparison with the simulations.
The measured resonant frequencies are 5.19, 6.90, and 7.89 GHz, which show good
agreements with the simulation results. The measured radiation patterns for the E-plane
are shown in Fig. 65. It can be seen that symmetrical radiation patterns can be achieved
with a gain over 6 dBi at all three resonant frequencies. Good radiation patterns for the

H-plane are also obtained in the experiments.
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Fig. 64. Simulated and measured return losses of the designed antenna with spur-line
dimensions shown in Table 10.
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Two pairs of spur-lines are embedded in the non-radiating edges of the rectangular

microstrip patch antenna for triple-frequency operations. The placements of the pairs of

spur-lines have been optimized for good radiation efficiency and impedance matching at

all three resonant frequencies. The extra resonant frequencies caused by the spur-lines

can be tuned independently. Good agreements between the simulations and the

measurements are obtained. The antenna is fed by an inset microstrip line for easy

integration with other circuit components.
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CHAPTER VIII

SUMMARY AND RECOMMENDATIONS

8.1. Summary

This dissertation has covered four main topics, which are microstrip parallel
coupled-line bandpass filters with suppression of multi-spurious passbands, microstrip
diplexer and multiplexer, ultra-wideband T/R module and microstrip antennas and their
applications to a multi-band beam scanning antenna transceiver system and ultra-
wideband phased-array radars. The microstrip bandpass filter with suppression of
spurious passbands has been developed and used in the design of multiplexer. The new
microstrip multiplexer with six channels ranging from 10 to 35 GHz plays an important
role in designing a compact, full-duplex, ultra-wideband T/R module. This dissertation
has explained the method to make MMIC amplifiers functional by assembling the
MMIC amplifiers on a carrier plate with other components. The T/R module has been
integrated with a phased-array of Vivaldi antennas to form a multi-band, compact, and
full-duplex beam scanning antenna transceiver system. Although the transceiver system
has some degradation of gain in millimeter-wave frequency range, it has shown an
unprecedented operation bandwidth from 10 to 35 GHz. This research expands the
bandwidth of a previously reported transceiver system by more than 10 GHz. In the
followings, the topics and accomplishments covered in this dissertation are summarized

chapter by chapter.
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In Chapter II, two modified microstrip coupled-line bandpass filter structures for
suppression of multi-spurious passbands have been presented. One structure incorporates
spur-lines into the input and output resonators of the conventional microstrip parallel
coupled-line bandpass filter. The other one uses small resonators placed in the vicinity of
the conventional microstrip parallel coupled bandpass filter. This modified parallel
coupled-line bandpass filter is used in the multiplexer described in Chapter IV. Both
structures reduce the length of the filters by simple transformation of the layout of the
conventional parallel coupled-line filters and suppress the spurious passbands by more
than 30 dB at the second and the third harmonic frequencies.

In Chapter III, a new type of microstrip bandpass filters, which utilize the
passband formed between neighboring stop bands of open-circuited stub has been
introduced. Two filters have been designed at 32 and 35 GHz, respectively and
connected together using T-junction to form a millimeter-wave diplexer. The measured
insertion loss is 3.5 dB at 32 GHz and 3.2 dB at 35 GHz. The return loss is more than 10
dB at both 32 GHz and 35 GHz. The isolation is more than 30 dB for the two
frequencies.

In Chapter IV, a six channel multiplexer composed of microstrip parallel coupled-
line bandpass filters has been developed. To avoid tuning after fabrication by precise
design and reduce the optimization time, both full-wave electromagnetic simulator and
circuit simulator have been used in the multiplexer design and the design procedures
have been described step by step. The multiplexer has 10-, 12-, 19-, 21-, 32-, and 35-

GHz channels with the measured insertion losses between 2.0 and 3.2 dB. The
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multiplexer developed in this chapter has been used in the ultra-wideband transceiver
system.

In Chapter V, a multi-band, compact, and full-duplex beam scanning antenna
transceiver system operating from 10 to 35 GHz has been discussed. The system consists
of ultra-wideband Vivaldi antennas, a multi-line PET-based phase shifter, a six-channel
microstrip multiplexer described in Chapter IV, and monolithic microwave integrated
circuit (MMIC) amplifiers. Each component constituting the system has been described
in detail. The system has been tested for its beam scanning performance and shown
beam scanning capability of more than 20 degrees from broadside in the H-plane at 10,
12,19, 21, 32, and 35 GHz.

In Chapter VI, a cost-effective implementation for extremely wideband phased
array radars has been introduced. Two designs are demonstrated, one operating from 3-
12 GHz and the other operating from 8-20 GHz. Ultra-wideband antipodal tapered slot
antennas, a novel cross-polarization suppressed array architecture, piezoelectric true time
delay phase shifters, and broadband high-power monolithic amplifiers constitute the
phased array radars. The performances of detecting the target range of the designed two
radars have been tested at 5.8 and 14 GHz and the measured results show the average
errors of £0.14° at 5.8 GHz and £0.13° at 14 GHz.

In Chapter VII, a rectangular microstrip patch antenna with triple resonant
frequencies has been presented as an answer to the recent demand of multi-function
antenna in the wireless communication area. Two pairs of spur-lines are embedded in the

non-radiating edges of the patch antenna to excite extra resonant frequencies. The
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designed antenna shows good return losses at three independent resonant frequencies.
The measured results show good symmetrical radiation patterns at three frequencies with

gains over 6 dBi.

8.2. Recommendations for future research

Since the functionality of each component in the ultra-wideband transceiver
system has been verified over its operation frequency range, the performance
improvement of the system is suggested as a next step. Because the multiplexer has been
printed on a soft substrate, it is very difficult to attach bonding-wires to the tips of the
multiplexer. Moreover, the tips of microstrip multiplexer, which is made of copper,
should be plated with gold for wire-bonding. To solve this connection problem, it is
recommended to design a microstrip multiplexer on a hard substrate like alumina. By
using the hard alumina substrate, which has a higher dielectric constant, the size of the
multiplexer can be reduced further and the bonding machine can make connections
between the MMIC assemblies and the multiplexers easily.

To improve the gain of the T/R module, it is suggested to use MMIC amplifiers
with built-in DC block capacitors. Assembling all MMIC amplifiers in each
communication path on a single carrier plate also increases the gain of the T/R module.

It is also suggested to design a compact, wideband, and circularly polarized
antenna and then build a phased-array beam scanning antenna transceiver, which can

transmit and receive circularly polarized waves.
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