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Dual Mode Switch Filter

Student: Te-Yu Liao Advisor: Dr. Chi-Yang Chang

Industrial Technology R & D Master Program of
Electrical and Computer Engineering College
National Chiao Tung University

Abstract

A switching circuit of the center-2.5GHz is proposed in this thesis. The
circuit is symmetrical, and it may pass the odd mode signal and reject the even
signal or vice versa. As the diodes are turned (forward bias), the even mode can
pass through the circuit and the' odd mode will be rejected. On the other hand, as
the diodes turned off (reverse bias), the situation reversed.

Firstly, we design the band-pass filter and take the characteristic of the
components into consideration, and then we may analyze the performance of the
band-stop filter and the all-stop filter. Combining these half circuits (2 band-pass
filters, 1 band-stop filter, 1 all-stop filter), we may get the whole structure of the
switching circuit. The whole circuit in this thesis i1s operated in 2.4GHz~2.6GHz.
It 1s fabricated with microstrip line on a RO4003 substrate with a dielectric

constant of 3.58, a thickness of 20 muil.
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Chapter 1 Introduction

Odd mode and even mode analysis is usually applied in symmetrical microwave circuits. Odd
mode is that the input pair has the same magnitude but 180 degrees phase difference. Recently,
differential signal becomes more and more popular because it shows better immunity against
the crosstalk. Moreover, modern RF integrated circuit using differential design is the trend.

A switching circuit is proposed in this thesis to pass the odd mode signal and reject the even
mode or vice versa. As the diodes are turned on (forward bias), the even mode can pass
through the circuit and the odd mode will be rejected. On the other hand, as the diodes are
turned off (reverse bias), the situation reversed. The odd mode signal can be changed to the
even mode signal if we apply an 180" phase shifter on one of the signal path. Similarly, the
even mode signal can also be changed to odd mode signal. Therefore the proposed circuit can
select wanted signal to pass. Figure 1.1 shows a balanced duplexer, applying the proposed

circuit can enhance the T/R channel isolation:

. phase shifter Tual mode filter phase shifter .
Input signal 0 or 180 degrees (even:2.4-2.5GHz) dual mode switch filter| 0 or-180 degrees Output signal

(odd mode) _ {odd: 25-2 6GHz) (2.4~2.6GHz) _ (odd mode)

even odd even  or odd odd or odd

/N N\ / N/ N\

Figure 1.1 The block diagram of the duplexer

In Chapter 2, we will analyze the even mode and odd mode circuits for diodes on and off and
introduce the design flow. The performance impact due to component variance is also
discussed in this chapter.

In Chapter 3, basic microwave theories related to the proposed circuits are introduced. These
theories will be used in the dual mode switch filter design and analysis. Reflection coefficient,
input impedance, and S-parameter, are the bases in microwave circuits analysis and design.
The impedance approximation of the coupled line will be used to analysis of DC blocking
circuits which is used in the I/O portion of the proposed circuit. Equal ripple filter, impedance

and frequency scaling, band-pass and band-stop transformation will be used in this filter



design to get better bandwidth. Impedance and admittance inverters will be used to convert
the lumped elements to the line or the coupled line, which is useful in circuit implementation.
Band-pass and band-stop filter using quarter-wave resonators will be useful in circuit
implementation as well.

In Chapter 4, the circuits analysis and the proto-type filter design flow will be introduced. By
analyzing the sub-system, the filter performance will be analyzed in simplified equivalent
circuits.

In Chapter 5, the measurement result and the correlation between the simulation and the
measurement will be referred. It is confirmed that the dual-mode switch filter is fabrication

achievable as well.



2.1

Chapter 2 The Circuit Description and Design Flow

Dual Mode Switch Filter Circuits Analysis

The odd mode and the even mode are often used in filter application. We use the diodes
as the “switches”, so that we may decide which mode to “go through” the filter by
turning on (forward bias) or turning off (reverse bias) the diodes. When the diodes are
on, only the even mode signal will be transmitted; when the diodes are off, only the odd

mode signal will be transmitted.
50 Ohm feed 50 Ohm feed
| I

DC coupling

DC coupling _ _
Impedance transformation

impedance transformation

DC coupling DC coupling

impedance transformation Impedance transformation
ﬁ ﬁ
50 Ohm feed 50 Ohm feed

Figure 2.1 The description of the dual mode switch filter
Since the upper half and the lower half circuits are symmetrical, we may analyze the
circuits with equivalent half circuit for both even and odd modes. For diodes on, the

equivalent half circuit of the odd mode looks like an all-stop filter.

diode on
odd mode

blocking|cap equivalent blocking cap equivalent

it
T
T=

blockir

valent

Figure 2.2 The circuit of the dual mode switch filter for diode on and odd mode



diode an

odd mode
Z=z1 Ohm Z=72 Ohm =71 Ohm
| E=90 E=90 E=490
+ 4

Z=Zin Ohm

+4

Z=£in Ohm

Figure 2.3 The simplified half circuit of the dual mode switch filter for diode on and odd mode

diode on
even mode

blocking|cap equivalent

Hiode

For diodes on, the even mode half circuit looks like a band-pass filter.

blocking cap equivalent

Figure 2.4 The circuit of the dual-mode switch filter for diode on and even mode

diode an
gven mode
" | 1
i S S | ] S—
Z=z1 Ohm £=z2 Ohm Z=z1 Ohm
E=90 E=30 E=50
=+ 4 +-!'
§ Z=Zin Ohm £=ze1 Ohm Z=ze1 Ohm
E=50 E=590

Z=Zin Ohm

Figure 2.5 The simplified half circuit of the dual mode switch filter for diode on and even mode

diode off

odd mode

DC blocking

Z=220hm
E==2

'=Zs Ohr J%:de Ohy 3 [R=Rcb Chm
c=Ctd pF | 3|L=ts rH
diode /4,

Figure 2.6

Zs=2e1Chm
Zo=z01Chm
E=sc2

For diodes off, the odd mode half circuit looks like a band-pass filter.

C=CtdpF

=Ls

=Rco Ohm R=Rsd Ohm
H C=Ctd pF
=Cb diode

cap

The circuit of the dual mode switch filter for diode off and odd mode

DC blocking



Z=z1 Ohm Z=z2 Ohm Z=z1 Ohm
E=90 E=90 E=30
4 4
Z=7in Ohm Z=zo1 Ohm Z=zo1 Ohm Z=Zin Ohm
E=90 E=50
L il

Figure 2.7 The simplified half circuit of the dual mode switch filter for diode off and odd mode

For diodes off, the even mode half circuit looks like a band-stop filter.

DC blocking

- T, o
Feoum b H :
et =Rcb Chm R=Rsd Ohm 3

=Ls nH C=Ctd pF =z
=Cb B diode  Z

diode off
éven mode

DC blocking

diode off
even mode
M — ] I 1 . g |
] S—— | E—| pj S—|
Z=z1 Ohm £=72 Ohm Z=z1 0hm
E=130 E=50 E=530
+ +4
§ £=Zin Chm Z=za1 Ol Z=ze1 Ohm § Z=Zin Ohm
E=590 E=530

Figure 2.9 The simplified half circuit of the dual mode switch filter for diode off and even mode

If we provide a positive DC bias voltage via DC bias circuit, the diodes are turned on,
otherwise the diodes are off. At the operation frequency, the bias choke is equivalent to
an open circuit, which will not affect the filter performance. The blocking capacitor (Cb)
passes the RF signal and blocks the DC voltage.

Table 2.1  The summary of 4 operation modes of the dual mode switch filter

Circuit Type | Filter Type Equivalent Half Circuit




diode on
odd mode
Diode On Z=z10hm Z=z2 Ohm Z=z1 Ohm
All-stop = = e
Odd Mode Z=Zin Ohm 7=7in Ohm
:‘.\C:‘E CD-|
1. e T —
Diode On Z=z1 Ohm Z=22 Ohm Z=z1 Ohm
Band-pass = = =
Even Mode Z=Zin Ohm EZZQED‘ Ohm E?;DW Ohm Z=Zin Chm
oot
.. .. —
. I
Diode Off Z=21 Ohm 7=22 Ohm Z=21 Ohm
Band pass E=90 E=90 E=90
Odd Mode 2=Zin Ohm Lzt O Zezot O Z=Zin Ohm
:\_\Jo:\e cﬁ'd
" s I —1
Diode Off E:—ZBI]Ohm Eiﬁ.om Eiz;uohm
Band-stop | = I ] ] .
Even Mode Z=Zin Ohm 7=ze1 Ohm Z=ze1 Ohm Z=Zin Ohm
E=50 E=90

2.2 Filter Specifications and Design Flow
The target bandwidth is 2.4GHz~2.6GHz. The target insertion loss of the pass-band is
<3dB, and the target insertion loss of the stop-band is >35dB. The target return loss of
the pass-band is >15dB, and the target return loss of the stop-band is <3dB.
Followings are the parameters of the circuit components.

Table 2.2 The component parameters of the lumped circuits

Zo (Ohm) Ze (Ohm) Blocking cap. | Series Series
Cb (pF) resistance of | inductance of
the Cb the Cb
Rcb (Ohm) Ls (nH)
100 25 10 0.559 0.5
Diode Diode series | Diode Diode
forward inductance reverse reverse
resistance Isd (nH) resistance capacitance
rsd (Ohm) Rsd (Ohm) Ctd (pF)




3.14

0.4

3.14

0.06

We can get the parameters of the circuits as below after circuit optimization.

Table 2.3 The ideal transmission line parameters of the dual mode switch filter

z1 (Ohm) el (degrees) | z2 (Ohm) e2 (degrees) |zel1 (Ohm)
45.9159 89.1999 83.7614 83.4545 92.0885

zo1 (Ohm) ec1(degrees) | ec2(degrees) | zbias (Ohm) | ebias1(degrees)
83.9994 82.7498 93.0212 100.491 99.0715
ebias2(degrees) | zeb (Ohm) zob (Ohm) ecb(degrees)

75.2906 130.62 64.9333 90.4566

Below are the simulation results of the insertion loss and the return loss. The bandwidth
(pass-band insertion loss <3dB, stop-band insertion loss >35dB, pass-band return loss

>15dB, stop-band return loss <3dB) is 2.305GHz~2.693GHz.
Insertion loss

]

] : T ‘
¥ ' 2 Diiode on | odd mode
- $ o £ A J ey
N f‘: * ‘! ! \ ﬁ T DiD;; a"":- a:r;.r rr:);a
—1 D __ |I # ‘ ’l’ \‘ ., ‘ !
] IL‘E 1 f' A I %
] £y, 3 7 \ / I '
— '.' + "---“r 1 rlr 'l
20— ] Mo ‘l { ¢
_] ! Nt Pl
. ] i :
. -" i k
—3[]__ l 'l : : " .
1 j ! 1 | “i:
—] 1 [ I j et
07 i »
1 1 ’ l | |‘ i 1}
1 | Vo .
1 B j; [} I |I T
7] rl- -1" l. Ry i
-50 T T T 1 T T 11 T 1 T T B — | oty —
0 1 2 3 4 5 6

Figure 2.10 Simulated insertion loss of the dual mode switch filter (with ideal transmission line)



Retumn loss
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i
’ | L ——-—-- Diode on/ even mode
- == == ==Dijode off / odd mode
I ]
_ H :
30 T 1T | T 1T | I .I T | T 1T |Dl|ijdle Olﬁflev?n rI-noldel I
0 1 2 3 4 5 6
freq, GHz
Figure 2.11 Simulated return loss of the dual-mode switch filter (with ideal transmission line)

Table 2.3 shows the ideal transmission line impedance and electrical length of the filter.
The PCB parameters are listed in table 2.4. Then, we may calculate the line width,
length, and spacing of the microstrip line or-microstrip coupled line.

Table 2.4 The parameters of the PCB

Center freq. fp (GHz) Dielectric thickness H Dielectric constant Er
(mil)

2.5 20 3.58

Dielectric loss tangent Metal thickness T (mil) | Metal conductivity (S/m)

2.710° 0.7 5.8*10’

Table 2.5 shows the calculated line width, spacing, and length of the corresponding
transmission line. It also shows the physical parameters of microstrip line and
microstrip coupled line after circuit optimization.

Table 2.5 The physical parameters of the microstrip line or the microstrip coupled line of the

filter

w1 (mil)

11 (mil)

w2 (mil)

12 (mil)

wc ( mil)

Calculated

50

697

16

682

14




Fine tuned | 50 616 16 841 14
sc1 (mil) lc1 (mil) Ic2 (mil) wbias (mil) | Ibias1 (mil)
Calculated | 58 677 761 10 821
Fine tuned | 60 661 743 12 740
Ibias2 (mil) | wb (mil) sb (mil) lb (mil)
Calculated | 624 10 8 761
Fine tuned | 572 10 8 773

diode on

Vg mi
S=somil
L= mil 4

Wiz mil
L=loizs mil

Sersd OOm
L=ted N5
A=Rca Omm
ap

W mil
S-z0 mil

1 —1
LI — .
W1 mil Wz mil Wt mil
Leit mil Ltz mil L=t mll
Wwpiss mil
L-izszmil

e e

=150 OOm
L=kl N

1
Wewo mil Wew1mil =1 mi ]
Sz mil L=it mill L=t mil Seznmil
L= mil L=y mil

Figure 2.12 The circuit of the dual mode switch filter for diode on (with microstrip line)
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diode off

i Wo-wbizs mil Wewb mil
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o
2-Z0 Gnm 1 1
Retsd Qe
L -z 0nm B Refica Ohm O=CugF
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Figure 2.13 The circuit of the dual mode switch filter for diode off (with microstrip line)

Followings are the simulated results of the insertion loss and the return loss based on
microstrip model. The bandwidth (pass-band insertion loss <3dB, stop-band insertion
loss >35dB, pass-band return loss >15dB, stop-band return loss <3dB) is

2.306GHz~2.697GHz.



Insertion loss
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Figure 2.14 Simulated insertion loss of the dual mode switch filter (with microstrip line)
Retumn loss
0— ——— e
_ T i T
] vl AN
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10 : ]
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N |
- " ‘. Diode on / odd mode
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Figure 2.15 Simulated return loss of the dual mode switch filter (with microstrip line)

In order to minimize the PCB size of the circuits, we make use of Meander lines. The
circuit simulator could take the junction effect and the coupling effect between the lines

into account. Due to these effects, we need to fine tune the trace length of each
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transmission line to get a better fit to the specifications. The layout is shown as below.

/} 00 T 197—| | k ﬁ 7
* 1o 810 2
50 i
. 92
a‘ k=20 ; - 11{4 émﬁ: M - f=—570.71 740 I
% al 4 s B ;1% THED)
i 14 [e s 70.01 ]
50
20
7 E 7
A tzZz

Figure 2.16 The layout and the dimensions of the dual mode switch filter

Followings are the insertion loss and the return loss of EM simulation. The bandwidth
(pass-band insertion loss <3dB, stop-band insertion loss >34.785dB, pass-band return
loss >14.271dB, stop-band return loss <3dB) is 2.344GHz~2.654GHz. The return loss

does not meet the design spec, but it is still higher than 10dB.

Insertion loss
0 .
_ Diode on / odd mode
_ 5 —-—-—--Diode on / even mode
— ,Il: -~ == Diode off / odd mode
10— 40 ~— Diode off / even mode
7 1 't:‘ &
. R I
-20— o
] I
_ 1
|
30— ‘f : N
S
40— J‘
] ]
4 0 {
1 4 0.4 i
_5[] | "I_ IElli | T T T T 171 T I I T 171 'I
I I I I
0 1 2 3 5 6
freq, GHz

Figure 2.17 3D EM simulated insertion loss of the dual mode switch filter
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Retumn loss

T N 7y -
- l:lrl t‘. J
-5 i ;
. . LoE
-10— . Tk
] i b
] ’ P
] b HiR
] .
-20-] l‘.‘i.
_ Al
= *I' Ill Diode on/ odd mode
-25 i l: ———— Diode on / even mode
. ¥ -- == --Diode off / odd mode
] H Diode off / even mode
i ¥
-30IIII|IIII|III.I|IIII|IIII|III
0 1 2 3 4 5
freq, GHz

Figure 2.18 3D EM simulated return-loss of the dual mode switch filter

The filter performance will be degraded if the component parameters are changed. If

the resistance of the diodes is changed from 3.14 Ohm to 3.50 Ohm or to 2.50 Ohm, the

filter performance keeps almost unchanged, and the bandwidth(pass-band insertion loss

<3dB, stop-band insertion loss >34.758dB, pass-band return loss >14.271dB, stop-band

return loss <3dB) is still 2.344GHz~2.654GHz.

Insertion loss

freq, GHz

Figure 2.19
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236363 Diode on / odd mode, Rsdirsd: 3.140hm
——————— Diode on/ even mode: Rsdirsd: 3.140hm
¥ X2 %X Diode off / odd mode: Rsdirsd: 3.140hm
X% Diode off / even mode: Rsdirsd: 3.140hm
©-8-6-0-0 Diode on/ odd mode: Rsd/rsd: 3.14->3 500hm
—————— Diode on/ even mode: Rsdirsd: 3.14-=3.500hm
©-8-6-8-9 Diode off / odd mode: Rsd/rsd: 3.14->3.500hm
©-9-8-8-9 Diode off / even mode: Rsdirsd: 3.14->3.500hm
&—4-4&4 Diode on/ odd mode: Rsd/rsd: 3.14-=2.500hm
Diode on / even mode: Rsd/rsd: 3.14->2.500hm
Diode off / odd mode: Rsd/rsd: 3.14->2.500hm
&-54-44 Diode off / even mode” Rsdirsd: 3 14->2 500hm

3D EM simulated insertion loss when diode resistance changes



freq, GHz

2> Diode on / odd mode, Rsdirsd: 3.140hm
——————— Diode on / even mode: Rsd/rsd: 3.140hm
X% X Diode off / odd mode: Rsdirsd: 3.140hm
H¥H¥ ¥ Diode off/ even mode: Rsdirsd: 3.140hm
©-6-8-6-0 Diode on/ odd mode: Rsd/rsd: 3.14->3.500hm
—————— Diode on/ even mode: Rsdirsd: 3.14->3.500hm
©-8-6-89 Diode off/ odd mode: Rsd/rsd: 3.14->3.500hm
©-6-6-6-9 Diode off/ even mode: Rsd/rsd: 3.14->3.500hm
2444 Diode on / odd mods: Rsdirsd: 3.14->2 500hm
Diode on/ even mode: Rsdirsd: 3.14-+2.500hm
Diode off / odd mode: Rsd/rsd: 3.14->2.500hm
&~4-A-%4 Diode off / even mode: Rsd/rsd: 3.14->2.500hm

Figure 2.20 3D EM simulated return loss when diode resistance changes

If the capacitance of the diodes is changed from 0.06pF to 0.18pF or to 0.03pF, there

will be a frequency shift, and the bandwidth (pass-band insertion loss <3dB, stop-band

insertion loss >35dB, pass-band return loss >13.167dB, stop-band return loss <3dB)

will be decreased to 2.339GHz~2.543GHz.

Insertion loss
0

2-%36»% Diode on/ odd mode, Ctd: 0.06pF
——————— Diode on / even mode, Ctd: 0.06pF
-3¢ ¥ Diode off / odd mode, Cid: 0.06pF
»3e3¢>¢¥ Diode off / even mode, Ctd: 0.06pF
&-6-6-0-0 Diode on / odd mode, Ctd: 0.06-=0.18pF
—————— Diode on / even mode, Ctd: 0.06-=0.18pF
@329 Diode off/ odd mode, Cid: 0.06-=0.18pF
@-0-0-0-0 Diode off/ even mode, Ctd: 0.06-=0.18pF
& 444 Diode on/ odd mode, Cid: 0.06->0.03pF
Diode on / even mode, Cid: 0.06-=0.03pF
Diode off / odd mode, Ctd: 0.06-=0.03pF
22424 Diode off / even mode, Ctd: 0.06-=0.03pF

Figure 2.21 3D EM simulated insertion loss when diode capacitance changes
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Return loss

0-mnEmngasme g %333 Diode on / odd mode, Cld: 0.06pF
14 00 Ay Bk 090 SRR & ¥ 0000 A | —e—e—— Diode on / even mode, Ctd: 0.06pF
] ) 3626262 Diode off / odd mode, Ctd: 0.06pF
5] L #¥3>¢¥ Diode off / even mode, Ctd: 0.06pF
_ & @0-e-0-0 Diode on/ odd mode, Ctd: 0.06->0.18pF
T O S O A | Diode on/ even mode, Ctd: 0.06->0.18pF
a X @-@&o 9 Diode off / odd mode, Ctd: 0.06-=0.18pF
-10— L @-0-0-8-0 Diode off / even mode, Ctd: 0.06->0.18pF
— H &% 8- A-4 Diode on / odd mode, Ctd: 0.06-=0.03pF
7 % Diode on f even mode, Ctd: 0.06-=0.03pF
B . Diode off / odd made, Ctd: 0.06->0 03pF
-15 &o-A-ac8 Diode off / even mode, Ctd: 0.06--0.03pF
204
251
-30 L Y Y O B B
0 1 2 3 4 5 6
freq, GHz

Figure 2.22 3D EM simulated return loss when diode capacitance changes

If the inductance of the diodes is changed from 0.4nH to 0.6nH or to 0.2nH, there will
also be a frequency shift, and the insertion loss performance under diode on/odd mode
will be changed as well. The bandwidth.(pass-band insertion loss <3dB, stop-band
insertion loss >31.438dB, pass-band return-loss >14.290dB, stop-band return loss <3dB)

will be decreased to 2.350GHz~2.637GHz.
Insertion loss

0 ] #2696->-x Diode on / odd mode, Isd: 0.4nH
T T o O e B et Diode on/ even mode, Isd: 0.4nH
| XXX X Diode off / odd mode, Isd: 0.4nH
| H3->€¥ Diode off / even mode, Isd: 0.4nH
-10— ©-2-0-0-0 Diode on/ odd mode, Isd: 0.4-=0.6nH
4 0 mEg W Moy 00 0K ORXSMA x —ee Diode on / even mode, Isd: 0.4-=0.6nH
- & @& & o Diode off/ odd mode, Isd: 0.4--0.6nH
— @-0-2-2-9 Diode off / even mode, Isd: 0.4-=0 6nH
— £2-a6 Diode on / odd mode, Isd: 0.4-=0 2nH
-20— Diode on / even mode, Isd: 0.4-0.2nH
n Diode off / odd mode, Isd: 0.4--0.2nH
i &-5-5-A-4 Diode off / even mode, Isd: 0.4-=0 2nH
-30—
: E
40 x|
- !
] i
50— S
0 5 B8

freq, GHz
Figure 2.23 3D EM simulated insertion loss when diode inductance changes
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Return loss
0—_1*! L

o BT ] 3¢ 3> Diode on / odd mode, Isd: 0.4nH
= il S B G T Y o B -0 2 B Diode on / even mode, Isd: 0.4nH
N H=2=2¢3» Diode off / odd mode, Isd: 0.4nH
_5__ Y3 ¥ Diode off f even mode, Isd: 0.4nH
- @-o-9-0-0 Diode on/ odd mode, Isd: 0.4--0.6nH
o I T R S 2 . N R (P Diode on / even mode, Isd: 0.4-=0.6nH
T & e-& e e Diode off / odd mode, Isd- 0.4->0 6nH
10— @-o-a-8-0 Diode off / even mode, Isd: 0.4-=0.6nH
- £—24-A-4 Diode on/ odd mode, Isd: 0.4->0.2nH
N Diode on / even mode, Isd: 0.4-=0.2nH
7 Diode off / odd mode, Isd- 0.4->0.2nH
-15— a-5-h A4 Diode off / even mode, Isd: 0.4-=0 2nH
20—
251
-30 LA A A A
0 1 2 3 4 5 6
freq, GHz

Figure 2.24 3D EM simulated return loss when diode inductance changes
If the resistance, capacitance, and inductance of the diodes are changed at the same time,
the bandwidth (pass-band insertion loss <3dB, stop-band insertion loss >32.371dB,

pass-band return loss >12.979dB, stop-band return loss <3dB) will be decreased to

2.340GHz~2.557GHz.
Insertion loss
0 =
- /,‘-‘1-‘7'-‘1?& ¥3%3¢%X Diode on / odd mode, Rsd/rsd: 3.140hm, Ctd: 0.06pF, Isd: 0.4nH
i '\f‘ ES P‘ ——————— Diode on / even mode, Rsdirsd: 3.140hm, Ctd: 0.06pF, Isd: 0.4nH
— ﬂf e A XXX Diode off / odd mode, Rsd/rsd: 3. 140hm, Ctd: 0.06pF, Isd- 0.4nH
— £ - HHH->E Diode off / even mode, Rsdfrsd: 3 140hm, Ctd: 0.06pF, Isd: 0.4nH
-10— ; ‘@-e-8-0-9 Diode on / odd mode, Rsd/rsd: ->3.500hm, Ctd: ->0.18pF, Isd: -=0.6nH
1 00 S&E w giéx ot gNve 8 0 | =meee- Diode on / even mode, Rsd/rsd: -»3.500hm, -=Ctd: 0.18pF, -=Isd: 0.6nH
N ©-&-& & @ Diode off / odd mode, Rsd/rsd: -»3.500hm, -=Ctd: 0.18pF, -=Isd: 0.6nH
1 8-6-6-6-6 Diode off / even mode, Rsdirsd: ->3.500hm, -=Ctd: 0.18pF, ->Isd: 0.6nH
20; &&-+4-A4A Diode on/ odd mode, Rsd/rsd: -»2 500hm, ->Ctd: 0.18pF, -»Isd: 0.2nH
h | Diode on / even mode, Rsdirsd: ->2.500hm, ->Ctd: 0.18pF, -=Isd: 0.2nH
i Diode off / odd mode, Rsd/rsd: ->2.500hm, ->Ctd: 0.18pF, -»Isd: 0.2nH
i &—&-A-44A Diode off / even mode, Rsdfrsd: ->2.500hm, -=Cid: 0.18pF, -=Isd: 0.2nH
30—
40—
50—

freq, GHz
Figure 2.25 3D EM simulated insertion loss when diode resistance, capacitance, and
inductance change
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Return loss

0 —prmm iy Y
- %ﬁ % 3¢%X Diode on/ odd mode, Rsdirsd: 3.140hm, Ctd: 0.06pF, Isd: 0.4nH
1 KPS EXE 0 gL T oL | —m— Dicde on/ even mode, Rsdirsd: 3.140hm, Ctd: 0.06pF, Isd: 0.4nH
| X3 X Diode off/ odd mode, Rsdirsd- 3.140hm, Ctd: 0.06pF, Isd: 0.4nH
-5 XHK¥ X Diode off / even mode, Rsdirsd: 3.140hm, Ctd: 0.06pF, Isd: 0.4nH
= @-0-8-0-0 Diode on/ odd mode, Rsdirsd: -»3.500hm, Ctd: -»0.18pF, Isd: -=0.6nH
N S (O . SO - - ' A A ettt Diode on/ even mode, Rsdirsd: -=3.500hm, -»Ctd: 0.18pF, -=Isd: 0.6nH
- &-6-6-6-0 Diode off/ odd mode, Rsd/rsd: -3 500hm, >Cid: 0.18pF, ->Isd: 0.6nH
-10— 9-9-8-6-8 Diode off/ even mode, Rsdirsd: -=3.500hm, ->Ctd: 0.18pF, »Isd: 0.6nH
- A—4-4-A-4 Diode on/ odd mode, Rsdirsd: -2 500hm, ->Ctd: 0.18pF, ->Isd: 0.2nH
] Diode on/ even mode, Rsdirsd: -=2.500hm, ->Ctd: 0.18pF, -=Isd: 0.2nH
- Diode off / odd mode, Rsdirsd: -»2.500hm, ->Ctd: 0.18pF, -»Isd: 0.2nH
-15 &-#4-44 Diode off / even mode. Rsdirsd: ->2.500hm. ->Ctd: 0.18pF. ->Isd: 0.2nH
201
251
_30 T T ‘ T L ‘ L ‘ T L ‘ L | T T L
0 1 2 3 4 5 6

freq, GHz
Figure 2.26 3D EM simulated return loss when diode resistance, capacitance, and inductance
change
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3.1

Chapter 3 Microwave Filter Theorem
Reflection Coefficient and Input Impedance

Assume that the incident wave at z=0 is V0+, and the reflected wave at z=0 is

V, . and the source is at z =—/. Let the characteristic impedance Z,, and the load

impedance at the end of the transmission line Z, # Z,. The voltage along the ideal

transmission line can be expressed as (1)[1][2]
V() =V, e 4V, e (D)

The current along the ideal transmission line can be expressed as (2)

v:® VT
1(2) :Le—ﬂlﬁz _Lejﬁz (2)
Zo Zo

At z =0, the relation between the voltage and the current is as (3)
vV, V. +V,°

ZL=—°=—°+ 2 3)
1 0 Vo - Vo

Rewrite equation (3), we can‘get V-

. Z -Z
A 4)
Z,+Z,

The ratio of the reflected voltage wave and the incident voltage wave is defined as the

reflection coefficient T

Vo _ ZL_ZO

= -
VO+ Z,+Z,

)

Figure 3.1 shows an ideal transmission line with length [ and the load impedance Z, .

Z, + jZ, tan bl
" Z,+jZ, tan Bl

The input impedance Z,, =Z
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3.2

-l 0

Figure 3.1 Transmission line circuit for mismatched load and generator

2

Z
If the length [ = /y , tan fBl = tan(%)z oo, wecanget Z, = Z—O
The input impedance is O if the load is open circuit, Z, =——=0

V4
The load impedance is oo 1if the load is the short circuit, Z, =—— =0

S-Parameters

In microwave circuits analysis, it.is too complicated if we use Maxwell equation to
solve all the circuits. What we want to know is-usually the voltage, current, or power at
some point of the microwave circuits instead of the electrical field and magnetic field of
that point. Therefore, we may simplify the circuits. For example, we may take the
transmission line as many discrete components, and we may make use of network
theorem or transmission theorem to analyze it.[3]

If the voltage and current are defined at all nodes within the network, we may use the
matrix to describe the characteristics of the network.

In figure 3.2, the voltage and current of each ¢, plane are
V.=V +V~ (0)

I =1"—1" (7)
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A SRl il

Figure 3.2 An arbitrary N-port microwave network

The impedance matrix, the relation between the voltage and the current is

vV, Z, Z, Zy Il
e Z:21 1:2 ®)
VN ZNI v cee ZNN IN
V=1zli] 9)
The conductance matrix can be defined as below
I Y, Y, Y v,
* = Y.21 V.2 (10)
IN YNl e vee YNN VN

1]=[r]v] (11)
A practical problem exists when trying to measure the voltages and currents at
microwave frequencies. The scattering matrix relates the voltage waves incident on the
ports to those reflected from the ports. For some circuits, the scattering parameters can
be measured directly with a vector network analyzer. The scattering matrix is defined in

relation to these incident and reflected voltage waves as

-19-



v, _ S:21 VzJr (12)
VN_ SNI SNN VN+
v-]=[slv] (13)

If the characteristic impedance Z,, is the same for all ports (it is not required for

generalized scattering coefficients), take Z, =1 for example, the voltage and current

of port n are as below

V, =V, +V~ (14)
I,=1"-1"=V =V~ (15)
1N =[z]v"|-[zlv-|=[V]=lve |+ o] (16)

(z]+ WDl |= (z]-lv]lv”] (17)
[s]=(z]+[v])"(z]-lw) (18)

If it is a one port network;, equation (18) can be simplified as below

zZ;, —1
S == (19)
11 Z11+1

The result is the same as the reflection coefficient when the normalized impedance of
the load is z,,.
For some multi-port network whose characteristic impedance of each port is not the

same, we may need to use generalized scattering matrix.

a = (20)
ZOn

b = 21)
ZOn

V, =V, +V, =7, (a, +b,) (22)
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[ =1 =] =1 (a,-b,) (23)

ZOn
[b]=1[5]a] (24)
V. JZ,,
ij = # v, =0,k#j (25)
J 0i
0.C. 07/ 7 4 .

1;7/ /Loo_ C.

Figure 3.3 Atwo-port coupled line filter section

A parallel coupled line section is shown in figure 3.3, with port voltage and current

definitions. By superposition, we see that the total port currents, I,, can be expressed
in terms of the even- and odd-mode currents as

I, =i, +i, (26)
Iy =i, +1,, (27)
First consider the line as‘being driven in the-:even mode by the i, current source. If the

other ports are open-circuited, the inputimpedance at port 1 is

Z," =—jZ,, cotfl (28)

m

The voltage on the conductor can be expressed as

v, ()=, (2) = V" [ 4 D] = 2y * cos Bl - 2) (29)

v.(0)=v,(0)=2V." cos Bl =i, Z,° (30)

0 (2) = v, () = 2y, =D, a1
sin Sl

Similarly, the voltages due to current source i,, driving the line in the even mode are

e 3e . COS .
v, (2)=v,"(2)=-jz,, ™ Z i, (32)

Now consider the line as being driven in the odd mode by current i, . If the other ports

are open-circuited, the input impedance at port 1 is
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zZ.°=—jZ,, cotfl (33)

mn

The voltage on the conductor can be expressed as

v."(z)==,"(z)=V," [e_’ﬁ(z_’) + e’ﬁ(z—’)]z 2V, cos Bl - z) (34)
Then the voltage at port 1 is

v.(0)=2V," cos Bl =i, Z.° (35)

0, (0)= v, ()= —jz,, SSPL=D); 36)
sin Al

Similarly, the voltages due to current i,, driving the line in the odd mode are

Va30 (Z): _vb30 (Z): jZOo C.Lﬂzi&) (37)
sin Sl

The total voltage at port 1 is

V,=v,(0)+v,°(0)+v,(0)+v,”(0)

(38)
= _j(ZOeile +Zy,0, )COt 0= j(ZOei3e L, )CSC 6

Where 6= fl

From symmetry, all the other matrix elements can be found once the first row is known.

The Z matrix elements are then

Z,=2y=- (ZOe +Z()0)COt0 (39)

Z,=2Z, =— ~Z,,)csco (40)

N~ N~
—_
N
5

In figure 3.3, I, =1, =0. A two-port network matrix equation can be expressed as

below
Vi=Z,1,+Z,1I, 41)
V,=2Z,1+Z,l, 42)

We can analyze the filter characteristics of this circuit by calculating the image
impedance and the propagation constant. The image impedance in terms of the

Z-parameters is
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3.3

Z,, ) csc*0—(z,, +Z,,) cot’ @ (43)

When the coupled line section is A/4 (6 = z/2 ) long, the image impedance reduces to

Z=g%f%ﬂ (44)
Which is real and positive, since Z,, >Z, . But when 6 -0 or 7, Z, = joo,
indicating a stop-band. In figure 3.3, the coupling line with port 2 and port 4
open-circuited can be taken as a band-pass filter, which can be used to block the DC
voltage.

Equal Ripple Filter

The perfect filter would have zero insertion loss in the pass-band, infinite attenuation in
the stop-band, and a linear phase response-in the pass-band. However, such filters do

not exist in practice, so«compromises must be made. If a Chebyshev polynomial[4] is

used to specify the insertion loss of an N-order low-pass filter as

P
:1+k2TN2[£J 45)
Pload a)C

The pass-band response will have ripples of amplitude 1+, since T, (x) oscillates

P =

LR

between *1 for |x|£1, k> determines the pass-band ripple level.

For an equal ripple low-pass filter with a cutoff frequency @, =1, the power loss ratio

1S

Py = it :1+k2TN2(a)) (46)

load

Since the Chebyshev polynomials have the property that

0 N:odd

n@h{ o (47)

1 N:even,

It shows that the filter will have a unity power loss ratio at @ =0 for N odd, but a
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34

power loss ratio of 1+k> at @=0 for N even.
For the two-element equal ripple filter, 7, (x)=2x% +1,
1+ (40" -4 +1)= 1+$ (1-R) +(R*C* + 2 —2LCR & + PR’ (48)

which can be solved for R, L, and C if the equal ripple level (as determined by k°) is

known. Thus, at w=0 we have that

1-R)

2 (1=R) (49)
4R

R=1+2k>+2kv1+k*> (for N even) (50)

Equating coefficients of @’ and @' yields the additional relations,

4k* =iL2(:2R2 (51)
4R

— k> = ﬁ(}%zc2 +I> —2LCR’) (52)

which can be used to find L and C. From equation (50), we find that R is not unity, so
there will be an impedance mismatch if the load actually has a unity(normalized)
impedance; this can be corrected with a quarter-wave transformer, or by using an
additional filter element to make N ‘odd. For odd N, it can be shown that R=1. (This is
because there is a unity power loss ratio at @ =0 for N odd.)

Impedance and Frequency Scaling
In the prototype design, the source and the load resistances are unity (except for

equal-ripple filters with even N, which have non-unity load resistance). A source

resistance of R, can be obtained by multiplying the impedances of the prototype

design by R,. If we primes denote impedance scaled quantities, we have the new filter

component values given by

L'=R,L (53)
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, C
C'=— (54)
RO
Rs =R, (55)
R, =R,R, (56)

where L, C, and Ry, are the component values for the original prototype.

To change the cutoff frequency of a low-pass filter from unity to @, requires that we

1
scale the frequency dependence if the filter by the factor —, which is accomplished
a)C

w
by replacing @ by —.
wC

Then the new power loss ratio will be

Pl (0)="P, [EJ (57)

a)C
where @, is the new cutoff frequency. Cutoff occurs when @ =da,.
The new element values are determined by-applying the new substitution of @ ¢ —
a)C

to the series reactances, ja@L,, and shunt susceptances, ja@C,, of the prototype filter.

Thus,

. . a . oy

X =J—L, = joL, (58)
2%

. . @ . ,

JB, = ]a)_ck: JaC, (59)

C

which shows that the new element values are given by

L, :i (60)
a)C

C'k:& (61)
a)C

When both impedance and frequency scaling are required, the new element values are

given by
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3.5

L = (62)
a)C

¢ =S (63)
ROwC

Band-pass and Band-stop Transformation
Low-pass prototype filter design can be transformed to have the band-pass or band-stop

responses illustrated in figure 3.4.

-1 1

! ! T &: w\l)
FFreq
3 8 8
[T} = =
a4 Y v
(a) (& ic)
Figure 3.4 (a)Low-pass prototype " (b)Transformation to band-pass filter (c)Transformation

to band-stop filter
If o, and w, denote the edges of -the pass-band, then a band-pass response can be

obtained using the following frequency substitution:
we D | @ @ Lo &
w,-o\o, o A @y @

where A =22 "% s the fractional bandwidth of the pass-band. If we choose @, as

W,

(64)

the geometric mean @, =./@®®, , then the transformation maps the band-pass

characteristics of the figure 3.4(b) to the low-pass response of figure 3.4(a) as follows:

0
2 2
lle o) _1lo -—o |\ (66)
Mo, o Al o,
2 2
o o) 1o, -o |_, 67)
Mo, o Al w0,
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The new filter elements are determined as below:

. jl o @, oL, oL, ., 1
X, =—|——-——IL, = —j——=joL, — j—— (68)
S A(a)o a)J e, Y Tae T T ac

which shows that a series inductor L, is transformed to a series LC circuit with

element values,

L
L, =—* (69)
‘' Aw,
C, = A (70)
a)OLk
. jl o @, .oC, .0,C, P |
B =L 2 _%|c _ B 1 Yo/ S 71)
TP A(a)0 a)J T aw, a1 T e

which shows that a shunt capacitor C, 1is transformed to a shunt LC circuit with

element values,

e (72)

a)OCk
, C

C, =—* (73)
Aw,

The inverse transformation ¢an be.used to-obtain a band-stop response.

o -1
W A(ﬂ - —Oj (74)
w, @

Then series inductors of the low-pass prototype are converted to parallel LC circuits

with element values

L = Ak (75)
(00
1
_ 76)
" wAL, (

The shunt capacitor of the low-pass prototype is converted to series LC with element

values

1
w,AC,

(77)

’
k
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3.6

AC,

C; =
(00
Low-pass
L

M

¥
s

&

High-pass Band-pass
£
E :
Lo 1 ﬁ
T @i A
I oL
&
¥
1 A C
a.C  aC @, A

Figure 3.5 Summary of prototype filter transformation

Impedance and Admittance Inverters

LA
@y

Band-stop

1
@, LA

j
I

1

@, CA
cA

(78)

It is often to use only series, or-only shunt elements when implementing a filter with a

particular type of transmission line. [t is possible to use impedance or admittance

inverters[5]. Such inverters are useful for implementing a band-pass or band-stop filter

with narrow (<10%) bandwidth.

Since these inverters form the inverse of the load impedance or admittance, they can be

used to transform series-connected elements to shunt-connected elements, or vice versa.

In its simplest form, a J or K inverter can be constructed using a quarter-wave

transformer of the appropriate characteristic impedance, as shown in figure 3.6(b).

Impedance inverter

{ — e —
K
+90° <
? o e el
Z =K/Z,
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Admittance inverter

{ —

J
+90°

g _J-]J(}.-I




Figure 3.6 Impedance and admittance inverters (a)Operation of impedance and admittance
inverters  (b)Impedance as quarter-wave transformation

Series LC resonators and parallel LC resonators are used in band-pass and band-stop

prototype filter. The resonance frequency @o = of the resonator is not enough to

1
NLC
describe the characteristics of the resonator. We define the susceptance slope parameter

_ @, dBj(®) 1

b. _ =w,C. = 79
J 2 dw =0, 0 ( )

As for the series LC resonator, we define the reactance slope parameter

L dX, (o) L 1
2 deo ' @, C,

(80)
We may convert a parallel component Y, ~t0.a series component Z_ via J converter,

or we may convert a series component Z to a parallel component Y, via K

converter.

Yw) short

- Z (@)
F K=1 Eg K=1||_

i
Z(a) Zu
Tl e

=1 =1

F =, [
I, B a |_. |

¥

Figure 3.7 Impedance and admittance inverters
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Z,=—=KY =Y =2 (K= (81)
P
If Y 1is a parallel resonator, Y = ‘a)C—L— i wC 1_6002 where @’ —L If
p 22D B o | ° TTIc

2

Z_ 18 a series resonator, Z = jo —L:ja)L 1——02 , Where a)o2 =—.
‘ ‘ oC W LC

From equation (81), we may get L=C. If we would like to change the relation between

L and C, then K will be changed as well.

L C
K L c1 K ! HI
r | = ’—’ ;
z z
FTgure 3.8 Impedance inverter
wz
2 _ 2| o 0
Z,=K*-(Y,)=K ]COCI(I—?J (82)
a)Z
Z, = ij(l—;gj (83)

Compare the equation (82) and (83), we may get

L
K= |= 4
C, 84)

The analysis of J converter is similar to that of K converter. We may get

JZ
Y,=——=JZ =Y, (J=1) (85)

mn
N

If we would like to change the relation between L and C, then J will be changed as well.

J =

< (86)
1

We can make use of this feature to convert the filter to all series circuits or all shunt
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circuits. From below figure, we may easily change the component value of the series

resonators or the parallel resonators.

B & _ i

so= | |1 < i

C1 L1 L1 Cl
'
et W e ] — v g —
B L & j L o 7

Figure 3.9 Impedance and admittance inverters

. o, : o,
Z, = Kzl:]a)Cl[l—a)—gH = Jsz(l—w—g] (87)

k= L (88)
Cl
2 2
Y, = J{ij{l—w—gH ‘ ja)Cl(l—w—‘;] (89)
a a
J=1% (90)
L2
w,’ 0 o 0
Y = ja)C[l——OzJ = ja)OC(———Oj = jb{———oj 91)
@ ®w, o ®, o
w,’ 0 0
Z= ij(l——Ozj = ja)OLK———O) = jx-(———OJ (92)
@ ©, o ®, o
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K1 K2

- 2 Yp
£ =KF .
" 1] }"“ | Ew -—K-_u_}:,
x=Kb .
x=Kb
— Z3
j Il 12
mo "Ir1-Z ™ v + 3
o Y.=J1.Z,
b=Jx — — .
b=Jx

Figure 3.10 Impedance and admittance inverters
The slope parameter will be changed once K or J is changed. Since the left circuit and
the right circuit are equivalent in the below figure, the susceptance of the two circuits

will be equivalent. We can get

K7 K ©3)
K=k’ |5 g B (94)
X i
Lo
5 T L CL —0 o 2 —0
X . 1 Xy 1
K:—l K:—l — E= K:}
7 7 jal
|—1::— —0 —O
. b=J"x
b=J"x= IJ: . ?

Figure 3.11 Impedance scaling of the K inverter

Similarly, the reactance of the left circuit and the right circuit in the below figure are

equivalent.
-2 95)

PR Ly O (96)
b, C,
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b, B,

L ' © o] l | —o0
r-t = =1 sl
[ K "{;_ £ I3
ClL1 - CoLo
1 .T=K3EJ,5|

x=Kth=—2m0h i Jg 2y
:?-E}G b, C,

Figure 3.12 Admittance scaling of the J inverter

If the value of K in the left circuit is not the same as the value of K in the right circuit,

we can still get the relationship in figure 3.13.

) X,
L1 C1 LoCo
. e | —0 0— - — —0
K K == K K
o —0 S —0

Figure 3.13 Impedance scaling of the K inverter

’ ’ L
K =K - |[2o=k/ |2 97)
Xy L;

K,=K, |2 =K} |~ (98)

J,=J =0 = 99)

, b, ., [C
J, =T} /b—°=J2- = (100)
1 1

Band-stop and Band-pass Filters Using Quarter-Wave Resonators
The quarter-wave open-circuited or short-circuited transmission line stubs look like
series or parallel resonant circuits, respectively. Thus we can use such stubs in shunt

along a transmission line to implement band-pass or band-stop filters.
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Quarter-wavelength sections of line between the stubs act as admittance inverters to
effectively convert alternative shunt resonators to series resonators. The stub and the
transmission line sections are A/4 long at the center frequency .

For narrow bandwidths the response of such a filter using N stubs is essentially the
same as that of a coupled line filter using N+1 sections. The internal impedance of the

stub filter is Z,, while in the case of the coupled line filter end sections are required to

transform the impedance level. This makes the stub filter more compact and easier to

design.

Figure 3.14 Band-stop and band-pass filters using shunt transmission line resonators
(9=7£/2 at the center frequency) (a)Band-stop filter (b)Band-pass filter

Consider a band-stop filter using N open-circuited stubs, the design equations for the

required stub characteristic impedances, Z, , will be derived in terms of the element

on >
values of a low-pass filter prototype through the use of the equivalent circuit. The
analysis of band-pass filter using short-circuited stubs follows the same procedure.

An open-circuited stubs can be approximated as a series LC resonator when its length is
near 90°. The input impedance of an open-circuited transmission line of characteristic

impedance Z,, 1is
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Z=-jZ, cotf (101)
where 8=7/2 for w=a,. If we let w=a,+Aw , where Aw<< @, , then
0 =7r/2-(1+Aw/w, ), and this impedance can be approximated as

o _ jZy,7 (@~ o) (102)
20, 2w,

Z = jZ,, tan
for frequency in the vicinity of the center frequency «,. The impedance of a series LC

circuit is

L L o-
Z=jol, +——= | —"(ﬂ—&jgzj /C—“’ P 22l (0-w,) (103)

jaoC C\low, o w,

where L, C, =1/ w,” . The characteristic impedance of the stub in terms of the

resonator parameters:

Z,, = 4o,L, (104)
y4

If we consider the quarter-wave sections of line between the stubs as ideal admittance
inverters, the band-stop filter: can be represented by the equivalent circuit of figure
3.15(b). The circuit elements.of the equivalent: circuit can be related to those of the

lumped-element band-stop filter prototype of figure 3.15(c).

g=x/1

Lﬂ
T
(a)
) {_}
| -z | 7=yz | 7=1z L .
~90 —90¢ - ’
c c |_) c c
T | T 1 5
(b) ‘5
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5 T

© |r
Figure 3.15 Equivalent circuit for the band-stop filter.
stub for @ near 7/2
(c)Equivalent lumped-element band-stop filter

(a)Equivalent circuit of open-circuited
(b)Equivalent filter circuit using resonators and admittance inverter

With reference to figure 3.15(b), the admittance, Y, seen looking toward the L,C,

resonator is

1
joL, + (1 jeC,)

L] [ 1 +L}l
z," [ joL +(1/jeC))  Z,
1 1

WL G [@0/@,)- (@) 2] {J\/ L/C l@/o,)- o/w)]+(1/20)}

The admittance at the corresponding point in the circuit of figure 3.15(c) is

1

1/
= . ’ 1 . ’ +{ . ’ 1 . ’ + L}
JoL, +(1/]C‘)C2) JOC| +(1/]C‘)L1) Zg

1

) j\/L;/C; [(C()/(OO) C()O/Cl) {.}\/CI/L [(0/6()0 wo/w)]-l_zo}

These two results will be equivalent if the following conditions are satisfied:

L,

¢,

L _|L
G, C,

Since L,C, =L.C. =1/®,” , these results can be solved for L, :

Z
L = 3 ;
w, L
L, =L,
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(106)

(107)

(108)

(109)
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We can get

_do,L, _ 4z, _ 4Z,

A - (111)
. r  ro,l mgA
dw,L, 4o,L, 4Z
o e o ] (112)
V4 V4 mg,A

where A= (@, —@,)/w, is the fractional bandwidth of the filter. The characteristic

impedances of a band-stop filter is

4z,

= 113
" (113)

On

The characteristic impedances of a band-pass filter with short-circuited stub resonators
is
7Z,A
ZOn = —
4g

n

(114)

These results only apply to filters-with-input-and output impedances of Z,, and so it

cannot be used for equal-ripple design for N even.
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Chapter 4 Circuit Implementation

4.1 Chebyshev Low-pass Filter

We can get below parameters for Chebyshev low-pass prototype filter.

g, =1 (115)
&
R, :10~10g10(1—10‘° j (116)
B =1n| coth ~ Ly (117)
17.37

. Jij j

=sinh| — 118

s 2 s
. (2k—1)7r}

a, =sin| ———— 119

= O 5

b, = 2+sin2(%j (120)

8o =1 (121)

g =20 (122)
4

g _da,a, (123)
b, 8.

8yy =1 (for odd N) (124)
_ o[ B

8 4 = coth 1 (for even N) (125)

4.2 Band-pass Filter

If we design R, =-17 (17dB return loss at the pass-band), we can get
L, =-8.75x107 (0.0875 dB ripple at the pass-band), and the value of g elements of

low-pass prototype filter are as below.

Table 4.1 The elements of low-pass prototype filter of return loss 17dB

Jo O1 02 (O]
1 0.8112 0.6104 1.3290

If we design f, =2.5GHz, A=0.15, we can get the lumped elements of the

band-pass filter as below.
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|

L c
L=17.2135nH C=02354 pF

R, L C, R,
g £=50 Ohm C=51809 pF —E} L=0.7823 nH g £=66.4498 Ohm

Figure 4.1 Band-pass filter of return loss 17dB, center frequency 2.5GHz, fractional bandwidth
15%

o

en
Ll

Insertion loss
—— Return loss

]
=y

freq, GHz

Figure 4.2 Simulated insertion loss and return loss of the band-pass filter in figure 4.1

We can make use of equation (88) to transfer the series LC into the inverters and shunt

LC.
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C1 L1 L1 Cl
'

et W e ] — v g —

L & j L o 7

Figure 4.3 Impedance and admittance inverters

From equation (96), we can change the impedance of the J inverters. We can also

change the load impedance to 50 Ohm.

by by
L | =0 7 l | —
| — ! 1
JiaY E== J=— J o=
[ K K T K
—a U= —0O
ClL1 CoLo
K" 1 b =K b C
x= bl_J':‘l —i'b J=J'\’;=J' C‘_J
T . ’

Figure 4.4 Admittance scaling‘of the J-inverter
The equivalent circuit is as below.

Table 4.2 The elements of low-pass prototype filter of return loss 17dB

21.6191 Ohm | 45.7788 Ohm | 3.5515pF 1.1412nH 84.0868 Ohm

&0 Z e

Z 90° z,

Z=457788 Ohm Z=84.0868 Ohm 7=45 7788 Ohm
+ +
+ R_ I::\:-:\ L::: I::h:\:h L:\:\:\ + R_
L=1.1412 nH L=1.1412 nH g
Z=21.6192 Ohm -
§ C=3.5515 pF C=3 5515 pF £=21.6192 Onm

Figure 4.5 Band-pass filter of return loss 17dB, center frequency 2.5GHz, fractional bandwidth
15%
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n

L
o

-15—

(]
p———

Insertion loss
————— Return loss u

e o
e e P e S e o ey e
e . ———

e e e o P

(]

freq, GHz

Figure 4.6 Simulated insertion‘loss-and return loss of the band-pass filter in figure 4.5

From figure 3.3(c) and equation(44), A/4 coupled line can be taken as a transmission
line of impedance Z, = %(ZOE e ). When we design the coupled line with line width
w=10mil and line " spacing s=8mil ;. we can get Z, =130.686Q

and Z,, =64.9301Q2 , and it can be taken as a transmission line of impedance

Z = %(ZOE ~Z,,)=32.8780Q if the trace length is A/4 at the operation frequency. If

the load impedance of the coupled line is 50 Ohm, the input impedance is

2 2
Z, _ 328780 =21.6192Q.

We can use the equivalent short-circuited stub to implement the shunt LC resonator.
The input admittance of the short-circuited stub can be approximated as

Y = jY, tanMEjYO M (126)
2, 2w,

The input admittance of the shunt LC resonator can be expressed as
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()
@,

)
a

1
Y:ja)C+‘—:ja)0C(
jaoL

(127)

We can get the characteristic impedance of the equivalent short-circuited stub by

equation (126) and equation (127).

7 1 V4
0 =—=
Y, 4u,C (129)
| ] | | |
—1_ g I L1
Z=45.775858 Ohm Z=84.0868 Ohm Z7=457788 Ohm
E=90 E=90 E=90
Ze=130.686 Ohm Ze=130.686 Ohm
L4 Z0=64.9301 Ohm Z0=64.9301 Ohm
E=90 _ _ E=90
- Z=14.0786 Ohm Z=14.0786 Ohm _
g Z=50 Ohm E=a0 E=90 Z=50 Ohm

Figure 4.7 Band-pass filter of.return-loss 17dB; center frequency 2.5GHz, fractional bandwidth
15%

o

A
e

i

E Insertion loss
i —_———- Return loss
!

e ——

o — e
e e
—— e
——

%
o
o
R N —

freq, GHz

Figure 4.8 Simulated insertion loss and return loss the band-pass filter in figure 4.7

We use diodes to switch the mode of the filter. Since the forward resistance of the diode
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2

) V4 ) )
is not O, then Z, =Z—°¢00. Therefore, we may take diode parameters into
L

consideration and increase impedance to get better performance. Firstly, we consider

the status of diode on as in figure 4.9.

I I I
Z=45.7788 Ohm 7=84.0868 Ohm 7=45.7788 Ohm
E=q0 E=00 E=00
Ze=130.686 Ohm _ _ Ze=130.686 Ohm
Z0=64.0301 Ohm £=91.5050 Ohm £=91.8050 Ohm Z0=64.0301 Ohm
E=00 E=90 E=30 E=80
2=50 Ohm R=3.14 Ohm R=3.14 Ohm Z=50 Chm
L=0.4rH L=04nH

Figure 4.9 Band-pass filter of return loss 17dB, center frequency 2.5GHz, fractional bandwidth
15%

o

Insertion loss
—_————— Return loss

en
Ll

=

freq, GHz

Figure 4.10 Simulated insertion loss and return loss of the band-pass filter in figure 4.9

As for diode on, we need to consider the effect of blocking capacitor for even mode.

The circuit is shown in figure 4.11.
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4.3

 —{ |-

z 457788 Ohm 7=54.0868 Ohm 7=45.7785 Ohm
E=00 E=90 E=90
Ze=130.635 Ohm 7=83.7306 Ohm 7=83.7306 Ohm Ze=130.636 Ohm
Z0=64.9301 Ohm E-o0 E-o0 Z0=64.9301 Ohm
E=00 E=00
R=0.2795 Ohm R=0.2795 Ohm
Z=50 Ohm L=0.25 nH L=0.25 nH 7=50 Ohm
C=20 pF =20 pF

F|gure 411 Band-pass f|Iter of return loss 17dB center frequency 2.5GHz, fract|onal
bandwidth 15%

=

tn
Ll

Insertion loss
————- Return Io| 5

]

freq, GHz

Figure 4.12 Simulated insertion loss and return loss of the band-pass filter in figure 4.11

Band-stop Filter

Figure 2.9 shows a band-stop filter. Since the parameters of the band-pass are fixed, we
cannot change the band-stop filter design. We just need to find out a set of parameters
to achieve the performance. The two pairs of coupled line in the middle only contribute
limited performance variance to the band-pass filters. We may change the electrical
length of the coupled lines as below. The return loss of the band-pass filter will degrade

from 17dB to about 15dB, but we may get better bandwidth of the band-stop filter.
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C=0.06 pF

I
z 45 7788 Ohm 7-54 0963 Ohm
E=90 E=%0
Ze=130.686 Ohm
Zo=64.9301 Ohm Z= 91.DE5D Ohm
E=00 E=80.25
Z=50 Ohm R=3.14 Ohm

. —
LI -
Z=45.7788 Ohm
E=90
7=91.0850 Ohm B
E=8D.25 i
R=3.14 Ohm
C=0.06 pF

Zg=130.686 Ohm
Zo=64.9301 Ohm
E=50

Figure 4.13 Band-stop filter under diode off, even mode, with insertion loss >35dB

Z=50 Ohm

0
g
10—
15—
20—
_25_
_3[]_
-35—
40—
45—
_5[]_
55|

Insertion loss

—_————-- Return loss

50

freq, GHz

Figure 4.14 Simulated insertion loss and return loss of the band-stop filter in figure 4.13

L +——{1

Z&=130.635 Ohm Z=91.8050 Chm

,Ez?;%zt. 5301 Ohm EoaD 28
Z=50 Ohm R=3.14 Ohm
L=0.4nH

. | —|
| I |
Z=457788 Ohm Z=34.0863 Ohm
E=530 E=%0

Z=45.7788 Ohm

E=90

Z=91.8050 Ohm
E=80.25

R=3.14 Ohm
L=0.4nH

Zg=130.686 Ohm
Zo=64 5301 Ohm
E=90

Figure 4.15 Band-pass filter under diode on, even mode, with return loss >15dB
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5
i Insertion loss
] I —_— Return loss
10 !
] !
] !
- |
15 |
] ' '1‘
] 1
20— !
: '-e
25
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]
(%]
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on
[y}

freq, GHz

Figure 4.16 Simulated insertion loss and return loss of the band-pass filter in figure 4.15

J — A 1
LI LI 1
Z=45.7738 Ohm Z-34 0363 Ohm Z=457788 Chm
E=%0 E=00 E=%0
Ze=130.686 Ohm = 1 Ze=130.636 Ohm
Zo=54.9301 Ohm ?iﬂgﬂﬁ s g:ﬁ'ﬁm Chm Z0=64.9301 Ohm
E=20 N [ ~ou E=80
R=0.2795 Chm R=0.2795 Oh
Z=50 Ohm 10,25 ot ~ Pt Z=50 Ohm
=20 pF €=20 pF

Figure 4.17 Band-pass filter under diode off, odd mode, with return loss >15dB
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4.4

o

_ i
_ [
5]

10

15

20

25
_ Insertion loss
7 —————-- Return loss

_3[] | | I | | I | | I | I | I | | | | | I I | | | | | I
0 1 3 4 5 6

freq, GHz

Figure 4.18 Simulated insertion loss and return loss of the band-pass filter in figure 4.17

All-stop Filter

Below is the equivalent circuit of all-stop filter.

‘ Z.. Z
[ |_) E=80 7 |_)

Z=50 Ohm

;
T |

Figure 4.19 All-stop filter

Z 2
Z,, =0Q// 2 =0Q
5090

Z 2
Z,y =0Q1 =00

in2

zZ

E=00 Zﬂ|_)
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E=80 .

g Z=50 Ohm

(130)

(131)

(132)



_Zin =30 _,
Z,,+50 (133)

At the center frequency, all the incident power will be reflected. At the other frequency,

the electrical length of each line segment will not be 90 degrees.

Z . + jZ tan@
Z =27 =" L = jZ tan@
e iz g (134)

inl

_ Z,0—50 _ jZ,tan@-50 Z’tan’ @—50" + jl00Z, tan &
Z.,+50 jZ tan6+50 7, tan® 6+ 50° (135)

If the circuit is symmetric, all of the incident power will be reflected by the short circuit.
In other word, it can be taken as an all-stop filter.
If we take capacitor and diode effect into consideration, the all-stop filter is as below,

and the performance will be degraded as well.

. — . 1
LT I
7=45.7738 Ohm =84 0868 Ohm Z=45.7738 Ohm
E-90 E=90 E=80

Ze=130.686 Ohm Ze=130.686 Ohm
Zo=64.9301 Ohm Zo=54.9301 Chm
E=20 E=50

Z=50 Ohm R=1.57 Ohm R=1.57 Ohm
L=02nH L=02nH

Z=50 Ghm

Figure 4.20 All-stop filter under diode.on, odd mode, with insertion loss >35dB
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Figure 4.21 Simulated insertion loss and return loss of the all-pass filter in figure 4.20
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Chapter 5 Fabrication and Measurements

5.1 Circuit Fabrication

Figure 5.1 illustrates the photograph of the dual mode switch filter. Figure 5.2 and 5.3
illustrate the insertion loss and return loss measurement result. There is frequency shift
effect, which will result in bandwidth degradation. The bandwidth(pass-band insertion
loss <3dB, stop-band insertion loss >32.685dB, pass-band return loss >13.843dB,

stop-band return loss <3dB) is 2.445GHz~2.636GHz, which is about 7.64% fractional

bandwidth.

Figure 5.1 Photograph of the dual mode switch filter
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5.2

Insertion loss

0 el Diode on / odd mode
5_| & / kY ——-- Diode on / even mode
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Figure 5.2 Measured insertion‘loss-of dual'mode switch filter
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Figure 5.3 Measured return loss of dual mode switch filter

Measurement and 3D EM Simulation Correlation

Figure 5.4, 5.5, 5.6, 5.7 illustrate the correlation between measurement and 3D EM

simulation. From the measurement result, the return loss measurement of the band-pass
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filters are frequency up-shifted. The return loss measurement of the all-stop filter and
band-stop filter match the 3D EM simulation. The insertion loss measurement of the

band-pass filters, band-stop filter, and all-stop filter also match the 3D EM simulation.
Diode on / odd mode (all-stop filter)

U_ - - 7 -7 * — - - -
"l f-’"h‘l*"'—( ATV '\‘,-'- Y
5— L
i
10— L
»
15_ Insertion loss measurement

————— Return loss measurement
20— == == =-Insertion loss 3D EM simulation
Return loss 3D EM simulation

25
30—
_35_
40—

45—

freq, GHz

Figure 5.4 Measurementand 3D EM simulation correlation under diode on / odd mode

Diode on / even mode.(band-pass filter)

0 R .
_ A
51
7 Insertion loss measurement
] —-—=—-- Return loss measurement
10= == == ==Insertion loss 3D EM simulation
_ Return loss 3D EM simulation
-15]
20—
-25-]
'30 u T 1T | T T T | T 1T 7T | 11 L | T 1T
0 1 2 3 5 6
freq, GHz

Figure 5.5 Measurement and 3D EM simulation correlation under diode on / even mode
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Diode off / odd mode (band-pass filter)
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Figure 5.6 Measurement and.3D EM simulation correlation under diode off / odd mode
Diode off / even mode (band-stop filter)
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Figure 5.7 Measurement and 3D EM simulation correlation under diode off / even mode

Conclusion
From the measurement result, it is proved that dual-mode switch filter can work well at

the center frequency. However, the circuits fabrication error and component variance
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will impact the performance of the dual-mode switch filter. From the simulation result,
the length Ic2 of the right half of the coupled line will impact the filter performance a
lot. It is a critical to fine tune /c2 length in manufacturing.

The circuit miniaturization is a topic of future works. The DC blocking coupled line
plays a role of DC blocking and load impedance transformation. Theoretically, we may
combine the DC blocking coupled line and the filter section 1. We need 3 sections of
coupled lines to implement the second order band-pass filter. However, we may still
need to fine tune the layout and check if there is any side effect in 3D EM simulation or

circuit fabrication.

-54-



References

[1] David M. Pozar, Microwave Engineering, 3’rd Edition, John Wiley & Sons, N.Y., 2005.
[2] Christophe Caloz, and Tatsuo Itoh, Electromagnetic Metamaterials, John Wiley & Sons,
2005.

[3] Hsin-Chia Lu and Tah-Hsiung Chu, “Multiport Scattering Matrix Using a Reduced-Port
Network Analyzer, IEEE Transactions on Microwave Theory and Techniques, Vol.51, No.5,
May 2003

[4] Rivlin T.J., Chebyshev Polynomials, John Wiley & Sons, N.Y., 1999.

[5] George L. Matthaei, Leo Young, and E. M. T. Jones, Microwave Filters, Impedance-

Matching Networks, and Coupling Structures, Artech House, M. A., 1980.

-55-



	論文封面-20110124.pdf
	論文書名頁-20110124
	論文目錄-20110124
	論文-20110124

