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1. Introduction

Wireless communication continues to bring increased opportunities for the radio frequency
(RF) component and test equipment manufacturers. For example, according to the
IEEE.802.16-2004 standard [1] [2], frequency band of 2GHz~11GHz (see Figure 1 a)) is split
into three different radio frequency bands, 2.4 GHz and 3.5 GHz for licensed bands and
5.8GHz for unlicensed, each of which has unique processing requirements that are
incompatible with the other frequency bands. The result will allow manufacturers of RF
components and test equipment to have their products used for mass deployment. The high
linearity requirements of the WiMAX communication, for example 2.4 GHz and 3.5 GHz
WiMAX communication, urge the test equipment can not only acquire the fundamental
signal but also its” harmonics. High performance Bandstop filter, which needs high rejection
of fundament signal f, and ultra-wide passband across the harmonic up to5f, as shown in

Figure 1 b), is required according to the WiMAX equipment scheme, which will be
introduced in Section II.

Bandstop filter is important in the filter family [3] [4]. It is used to reject some particularly
strong interfering frequency and while passing through the rest. It is widely used in cable
televisions, satellite communication systems, and other communication systems. In the
family of bandstop filters, lumped elements or resistor-inductor- capacitor bandstop filter is
commonly used. The disadvantages including relative large size, large power consumption
and possible parasitic effect limit the utilizations above the multi-gigahertz range. In fact,
most of the bandstop filters operating above multi-GHz range are built by distributed
transmission lines [5-14]. The bandstop filter architectures of a transmission line coupled to
a grounded bandstop resonator by capacitive gaps and by parallel-line coupling are given in
[5] and [6] respectively. In [7], Bell uses the quarter-wavelength L-shape resonator
configuration to build up the bandstop filters. Qian and Zhuang [8] introduce a
complementary relationship between a dual-mode bandpass and bandstop waveguide filter
and verified the relationship by experiments. Superconducting bandstop filters using the
open-ended half wavelength resonator are reported in [9] and [10]. More recently, in [11],
the traditional bandstop filter using two open-ended stubs [3] is modified to bended square
shape and 50% size reduction is achievable. The compact size microstrip interdigital
bandstop filter [12], which is realized by loading the interdigital capacitors on the
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168 WIMAX, New Developments

transmission line, is presented. A close loop ring coupling to CPW transmission line by
transverse slot is used for bandstop filter by using micro-electro-mechanical systems (MEMS)
technology as demonstrated in [13]. In [14], the synthesizing of bandstop filter based on
transmission line model is demonstrated.

In this Chapter, the new application of the bandstop filter for the nonlinear measurement for
WiMAX application is introduced. A physical based lumped circuit model introduced in [16]
is used for the bandstop filter design and analysis. Bandstop filters operate in 2.5 GHz and
3.5 GHz licensed WiMAX bands are developed and the physical parameters of these filters
are given in this Chapter. As shown in Figure 1 b), the high performance bandstop filter
with the rejection of f, more than 60dB and passband up to the fifth of the fundamental
frequency are achieved simultaneously. The important leakage issue due to packaging is
discussed and a solution for the packaging to avoid the leakage and further improve the
performance is introduced. Additional work on WiMAX bandpass filter is also introduced.
The Chapter is arranged as follows: Firstly, the application and the requirements of the
bandstop filter in WiMAX test equipment based on nonlinear measurement scheme are
introduced in Section II. In Section III, the step impedance resonator section with different
electric parameters and the resonant characteristics are investigated by using the circuit
model. In Section IV, the step impedance resonator sections are used to build the 2.4 GHz
and 3.5 GHz bandstop filter. 2.4 GHz and 3.5 GHz filters with good performance for
WiMAX equipment are verified by experiments. In Section V, the leakage issues are
investigated and the packaging free of leakages is designed and implemented. In section VI,
the recent development work on 2.4GHz and 3.5GHz WiMAX bandpass filters is illustrated
for WiMAX application. Finally, the conclusion is given in Section VII.
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Fig. 1. Application requirements of the proposed bandstop filter
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2. bandstop Filter Application in WiMAX Equipment
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Fig. 2. Receiver front-end with/without harmonics separation

In nonlinear measurements such as measurement of WiMAX power amplifier or
communication system, the equipment receiver is important to accurately capture the
information of the device under testament (DUT). To avoid the nonlinear effects generated
from the equipment receiver itself, which will increase the errors in measurement, both the
fundamental signal and its harmonics should be within the linear dynamic range of the of
the equipment receiver. However, the fundamental signal has higher power level while its
harmonics has relative lower power level. The limited dynamic range of the equipment
receiver becomes challenge to handle these two extreme power level conditions
simultaneously. As shown in Figure 2 a), when the power level difference of the
fundamental signal and its harmonics is larger than the dynamic range of broadband
equipment receiver, the results from the output of equipment receiver will be either one of
these two cases: case 1, only the fundamental signal is obtained and the harmonics
information cannot be captured accurately due to the sensitivity of the receiver. Case 2, the
fundamental signal will be suppressed and the harmonic will be increased due to the
compression point of the equipment receiver itself).

In order to solve the above problems, the system scheme shown in Figure 2 b) is introduced
to separate the fundamental signal and it harmonics. The fundamental signal, which has
higher power level, goes to the bandpass filter and then compresses the power level of A dB
by an attenuator. On the other hand, the harmonics with lower power level below the
minimum receivable power level go through the bandstop filter and then are amplified by a
low noise amplifier with a gain of G dB. Finally, the attenuated fundamental signal and the
amplified harmonics are selected by the single-pole-double- through (SPDT) switch and
send to equipment receiver (or are combined by a power combiner and send these signals to
the equipment receiver). By doing so, the theoretical dynamic range of the testament
receiver can be increased by around A plus G dB. As in the system shown in Figure 2 b), to
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achieve accurate measurements of the nonlinear characteristics, the performance of the
bandstop filter is very important. Thus, the high rejection stopband, to avoid the
fundamental signal entering into the harmonic channel, and ultra-wide passband, to capture
the harmonics up to fifth for nonlinear measurement, are required.

3. Step Impedance Resonator Section Model
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a) Transmission line model of step impedance resonator section
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Fig. 3. Transmission line model and equivalent circuit of step impedance resonator section

The fundamental prototype block named step impedance resonator section for the bandstop
filter is shown in Figure 3. It consists of a step impedance resonator and two matching
section lines. The step impedance resonator is formed by an open “stub (a characteristic
impedance of Z, and electric length of §,) connected in serial with a high impedance

section (a characteristic impedance of Z, and an electric length of 8,). The two matching
section lines with characteristic impedance and electric length of (Z,,, €,) and (Z,,, 6.,)
respectively are used for source and load (source impedance Z and load impedance Z, )

matching at node “1” and “2” respectively. The input impedance of the step impedance
resonator at node “2” can be given as:

1+5°L,C,
SIR = 3
s(C,+C, +s°LC,)
C =C, +C,
Cg = Cvl + CS2 + Ch
C,=j(l-cosb,)/(sZ,sinb,)
L =jZ,sin@, /s
C, = j(1-cosb,)/(sZ, sinb,)

Z 1)

AN AN N SN~
A O &~ W N
~— ~— ~— ~—~—~ ~~—
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C, = j(I-cosb,)/(sZ;,sinb,,) (7)

C, =jZ,tan@,/s )

L,=jZ, sin@, /s )

L,=jZ,sinb,/s (10)

where § = /@ (?is the angular frequency). The fundamental resonance condition is when

the input impedance is equal to zero. Thus the resonance is constrained by the equations

7. =1/2xJL.C) (11)
f, =112z J(C, +C)ALC,) (12)

The above model-based derivation is convenient for the initial design of the filter. To get the
frequency response for the whole frequency range, the two-port network parameters are
used and the transfer matrix of the model in Figure 3 b) can be calculated by

2
1+ﬂ SLl, +s(L, +L,)
Tl' 1 7—1'2 _ 1 0 Zsir Z.\'ir ‘ A 1 0 (13)
L, T, - sCy 1 i 1+5L_y2 sC, 1
Zsir 'sir
and
T;I = 1 + SZC.\'Z (Lxl + L.\'Z) + (SLSI + SSCSZL.\'ILSZ)/Z.\'W (14)
7’;2 = S(le + L.\'2) + SZLA\'ILSZ /Zsir (15)
]—'21 :SCSI +(1+S2LSICY|)/ZXH‘ (16)
7‘22 = 1 + S2Cvl (L.\'I + L.\'Z) + (SL.\'Z + S3CA‘1L.\'1L.\'2 )/Zsir (17)
The transmission and reflection characteristics can be determined by
2
S, = (18)
271ll + 7112 /ZO + EIZO
. T|2/Zo _TZIZO (19)

T+ T, /2, + T 2,

When 6,=6, =6, , the second harmonic or spurious resonance occurs with following

¥

constraint

where f and f,, are the fundamental resonant frequency and the second harmonic
respectively.
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It is found that the two matching section lines mainly affect the matching condition and
have little effect on the resonant frequencies. Thus, the two section lines are fixed
(Z,=2,=50 Q, 6,=6,=12°). The simulation results of five different conditions are

compared in Figure 4 (All of the impedances are in Q and all of the electric lengths are in
degrees). As illustrated in Figure 4, the fundamental resonant frequency f,, =1 GHz for the

cases of a), b) c), d), e) is chosen for the convenience of comparison. It is clear that the
smaller the ratio of Z,, /Z ,, the shorter the electric length is needed for the same operating

frequency of 1 GHz (i.e. for the same operating frequency, the size of the step impedance
resonator becomes compact with reducedZ,,/Z,). On the other hand, the first harmonic

/., depends on both the impedance ratio Z,, / Z,, and the electric lengths 6, and 6, . For the
one special case, when the Z /Z, =1, the fundamental resonant frequency occurs
atd, =06, =45 and the first harmonic occurs at three times of the fundamental operating
frequency. For another special case 8, =6, =6, , the relationship between the fundamental

operating frequency and its first harmonic is constrained by equation (19).
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Fig. 4. Simulated results of the SIRS with different electric parameters

4. Design of filters for WiMAX equipment

synmunetric line

Fig. 5. Configuration of the proposed Microstip bandstop filter
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By understanding the characteristic of the step impedance resonator section, the multi-stage
cascaded step impedance resonator sections can be used to build the bandstop filters shown
in Figure 5 for WiMAX application introduced in Section II. According to the application
requirements of the WiMAX equipment in Figure 1 and Figure 2, two bandstop filters are
built for 2.4 GHz and 3.5 GHz Wimax bands respectively. The fifth-order bandstop filter is
formed by cascading five step impedance resonator sections using the cascade procedure in
[15]. The electric parameters according to different step impedance resonator sections are
synthesized and presented in [16] with consideration of the required total performance. The
Rogers substrate RO3003 with dielectric constant of 3.0 has a substrate thickness of 20mil.
The planar microstrip line is chosen for the design. The circuit simulator and Moment EM
simulator in ADS 2005A are used to optimize the physical parameters for the 2.4 GHz and
3.5 GHz WiMAX filters. The dimensions of 2.4 GHz filter are: W0=1.26 mm, W1=1.49 mm,
L1=4.77 mm, W2=1.23 mm, L2=5.24 mm, W3 = 0.75 mm, L3=10.9 mm, W4=0.88 mm,
L4=4.64 mm, W5=0.91mm, L5=6.1mm, W6=2.72, Lu=3.59 mm, Ls=6.3 mm, W7=3.91 mm,
W8=2.75 mm and W9=0.1mm. The dimensions of 3.5 GHz filter are: W0=1.26 mm, W1=1.6
mm, L1=3.31 mm, W2=1.4, L.2=3.31 mm, W3=1.0 mm, L3=6.7 mm, W4=1.0 mm, L4=3.83 mm,
W5=1.04 mm, L5=3.54 mm, W6=2.51 mm, Lu=2.32 mm, Ls=4.07 mm, W7=3.61 mm, W8=3.74
mm and W9=0.1mm.

In Figure 6 and Figure 7, the simulated and the measured results of the 2.4 GHz and 3.5
GHz filters without packaging housing are compared respectively. Both of the results
agreed well in the passband as well as in the stopband. Both the 2.4 GHz and 3.5 GHz
bandstop filters have the 3dB rejection band of 1.8~3.3 GHz and 3~5 GHz respectively, pass
band ranges of DC~13.5 GHz and DC~21 GHz (except the stopband range) respectively. In
the stopbands of 2.3-2.85 GHz and 3.4~4.1 GHz, the rejections are better than 60dB for both
filters. The center frequency of the second stopband appears at as high as 6.2 times (15 GHz)
and 6.3 times (22 GHz) of that of the fundamental stopband respectively. The board sizes of
the 2.4 GHz and 3.5 GHz filters are only 74 mm by 35 mm (0.6A0 x 0.2810, A0 is the free
space wavelength at center operating frequency) and 52 mm by 30 mm (0.6A0 x 0.3410)
respectively.
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dB(Mag(511))

Frequency (GHz)
Fig. 6. Results of 2.4 GHz filter without metal housing
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Fig. 7. Results of 3.5 GHz filter without metal housing

5. Packaging Related Issues

L
T
su

Fig. 8. Perspective view of the bandstop filter in metal housing SIRS (step impedance
resonator section)

Electromagnetic compatibility/Electromagnetic Interference (EMC/EMI) control in the test
equipment is important. Therefore, the modules in the equipment such as mixer, filter and
amplifier, are required to be well shielded to avoid unwanted radiation and interference.
The WiMAX filters introduced in Section IV has to be packaged for the equipment use. The
perspective view of a 2.4 GHz WiMAX filter in the 3D metal housing of using the Sonnet EM
simulator environment is shown in Figure 8. The metal house has a length of 74 mm, a
width of 35 mm and a height of Hb. The 2.4 GHz WiMAX filter with five step impedance
resonator section is denoted in the dark area. The leakage modes exist in the passband when
the metal shielding house is introduced. The dip points (DPs) due to leakages in the metal
housing appear in the pass band as the three cases of Hb=5 mm, 12 mm, and 15 mm shown

in Figure 9. The dip points in the loss factor curves (1-|S,,|" ~|S,,[*) in Figure 8 are formed

by leakages due to the metal housing. When the multiple step impedance resonator sections
from 1 to 5 are cascaded, the multiple conductors in parallel may generate unwanted
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leakage wave as in [17-21]. The leakage wave excites the waveguide cavity modes [17] of the
metal housing and causes the dip points in the passband of the filter. Compared to the
results of the same filter without metal house (which is free of leakage in the passband) in
Figure 6 and Figure 7, the packaging of the filter through the metal housing deteriorates the
performance of the pass band and causes the filter unsuitable for wide passband operation
to be used in WiMAX test equipment. On the other hand, if the unpackaged filters are used,
EMI/EMC requirements for the WiMAX test equipment may not be met.

0 PSSy PR ST s Pl 01
i‘ - hy |
-2 Hb=12mm| [Hb=5mm { 008
g r E 82 s L] 5
) -4 -3 s | P 1 0.06 t%
o - el ;o WA L
(1] I~ —— pp— 3§ .!'1'
s e b ! ;Hb=15mm; E BT a
g °F | | sen @f el
| _ S S
sfF Il _ a8 0.02
L I P ' ’
oy LAl 8= 5(2,1) Measured
_10 Sl | | 1 1 1 1 | Il 1 | 0

0 2 4 B 8 10 12 14
Frequency (GHz)
Fig. 9. Results of 2.4 GHz filter with/without metal housing

Through the experimental investigation, it is found that the issue can be solved by using the
absorber material S5-6M from Emerson & Cuming. The absorber material attached inside
metal cover changes the boundary condition of the metal housing. It is interesting that after
packaging using the metal housing with absorber, the dip points in the passband no longer
exist as measured result shown in Figure 9 Meanwhile, insertion loss in filter passband is
also improved dramatically. The measured results of the 2.4 GHz and 3.5 GHz bandstop
filters with and without housing are compared in Figure 10 and Figure 11 respectively. For
the 2.4 GHz filter, the insertion loss including the SMA connector loss is less than 2.0 dB
(most of the frequency range is less than 1 dB). Compared to the results of the 2.4 GHz filter
without packaging, the proper packaging can reduce the insertion loss up to 0.5dB at higher
passband. For the 3.5 GHz filter, the improvement of the insertion loss with proper
packaging is up to 1dB at certain frequency range. In general, the proper packaging not only
overcomes the leakage issue but also improve the passband performance. The packaging
doesn’t degrade the performance of the stopband as the measured group delays (GD) of the
fifth-order filters are shown in Figure 12. The group delays in the passband are almost
constant. The resonances occur in the stopband and the passband is a traveling-wave. The
group delay variations of + 0.5 ns are good for communication systems with high data rate
or high linearity requirement. The photographs of the 2.4 GHz and 3.5 GHz WiMAX filter
samples are shown in Figure 19. These two types of filter are now applied to the Agilent
Technologies WiMAX test equipment.
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Fig. 10. Comparison of 2.4 GHz filter with/without metal housing
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Fig. 11. Comparison of 3.5 GHz filter with/without metal housing
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Fig. 12. Measured results of 2.4 GHz and 3.5 GHz filters with proper packaged metal housing

Fig. 13. Photographs of 2.4 GHz and 3.5 GHz WiMAX filter samples

6. Miniaturized Surface Mounted Bandpass Filter

In the application of WiMAX frontend, a bandpass filter is required to define the
communication channel inside of the frontend and avoid the interferences from and to the
other wireless communication applications. The portability and high linearity of the
WIiMAX terminal requires bandpass filter has a compact size, low cost and high
performance. It is known that the miniaturization is the trend and designing compact
passive devices is the challenging. Obviously, it would be impossible to face the challenging
without novel design methodologies. Mainly, the electromagnetic (EM) characteristics
determine the performance and size of the distributed transmission line filters. By
investigating the EM characteristics of the circuits, different approaches, which form the
basis of bandpass filters, need to be used for this target. Below shows parts of bandpass
filters with high power handling, miniaturized size and high performance for WiMAX
application multilayer through innovate use of multilayer technology. The focus is still on
2.4GHz and 3.5GHz WiMAX band.

www.intechopen.com



178 WIMAX, New Developments

a) 24GHz WiMAX bandpass filters

AT OO

a) High rejection band design b) Low insertion loss design

Fig. 14. Photographs of 2.4 GHz WiMAX filter samples

The band pass filter in Figure 14 a) has unique performances with pass band from
2.2GHz~2.6GHz with minimum insertion loss less than 2dB and ultra wide stop band from
29GHz to 10GHz as the measured results shown in Figure 15. The stop band rejection is
better than 50dB from 3.7GHz to 7.7GHz. The band pass filter has much compact size of
29mm X 19mm X 1.5 mm?3. The other strength is the packaging format of SMT which is
convenient for integration.
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s e, - @ﬁ%fﬂ

r %

(dB)
)
Q
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1S211

1 3 S 7 9 10

Frequency (GHz)
Fig. 15. Measured results of 2.2~2.6GHz high rejection WiMAX bandpass filter

The band pass filter in Figure 14 b) has unique performances with pass band from
2.2GHz~2.7GHz with minimum insertion loss less than 1dB and ultra wide stop band from
3GHz to 7.7GHz as the measured results shown in Figure 16. The stop band rejection is
better than 50dB from 3.7GHz to 7.7GHz. The band pass filter has much compact size of
245mm X 19.5mm X 1.5 mm3. The other strength is the packaging format of surface
mounting which is convenient for integration and free of RF power leakage.
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Fig. 16. Measured results of 2.2~2.7GHz low loss WiMAX bandpass filter

b) 3.5GHz WiMAX bandpass filters

= .

a) Mini design
Fig. 17. Photographs of 3.5 GHz WiMAX filter samples

b) high performance design

The band pass filter in Figure 17 a) has performances with pass band from 3.3GHz~3.6GHz
with minimum insertion loss less than 2dB stop band from 3.7GHz to 7GHz as the measured
results shown in Figure 18. The stop band rejection is better than 25dB from 3.7GHz to
7GHz. The band pass filter has much compact size of 1Imm X 8.5mm X 1.5 mm3. The other
strength for this type filter is surface mounting and self-packaging with low RF radiation.
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Fig. 18. Measured results of 3.3~3.6GHz mini WiMAX bandpass filter
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Fig. 19. Measured results of 3.0~3.6GHz high performance WiMax bandpass filter

The band pass filter in Figure 17 b) has performances with pass band from 3.0GHz~3.6GHz
with minimum insertion loss of less than 2.5dB and ultra wide stop band from 3.8GHz to
10GHz as shown in Figure 19. The stop band rejection is better than 55dB from 4GHz to 9.5
GHz. The band pass filter has compact size of 25mm X 15mm X 1.5 mm. The other strength
is the self-packaging format of surface mounting which is convenient for integration and
free of RF leakage.
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7. Conclusion

In this Chapter, bandstop filter is investigated based on proposed equivalent circuit model.
The 2.4 GHz and 3.5 GHz bandstop filters for WiMAX application are designed and
implemented theoretically and experimentally. The important issue of packaging is
investigated and an approach to overcome the leakages to improve the performance is
adopted. The implemented step impedance resonator section filters with compact size, high
stopband rejection, flat group delay and ultra-wide passband bandwidth are used in the
new application scenario of WiMAX equipment for nonlinear measurement. It should be
addressed that although the filters are designed for WiMAX test equipment, it can also be
adopted for other wireless communications with the requirement of rejection in certain
range of the frequency 2.3GHz~2.85GHz such as WCS, ISM equipment and MMDS. The
recent work on the series of WiMAX bandpass filter developments in 2.4 and 3.5GHz
WiMAX bands is also demonstrated for WiMAX applications.
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