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Synthesis of Parallel-Coupled Microstrip Bandpass Filters
with Accurate Bandwidths

Student: Kuo-Sheng Chin Advisor: Dr. Jen-Tsai Kuo

Department of Communication Engineering

National Chiao Tung University

Abstract

In the thesis, authors propose the new synthesis methods of parallel-coupled
microstrip bandpass filters (PCBPEs) with accurate bandwidth. In a conventional
design, the equivalence of a couipled stage-is established by using two quarter-wave
transmission line sections with a“ J-invetter in between. Since the J-inverter is
independent of frequency, the conventional equations are accurate only for filters with
relatively narrow bandwidths. When alarge bandwidth is designed, filters synthesized
based on the conventional method will have a fractional bandwidth less than
specification. In the first part of the dissertation, for recovering the bandwidth
decrement, the correction 8= (772)(1 + A/2) is incorporated into the synthesis formulas
to modify the conventional method. Furthermore, the insertion loss (/L) functions are
derived for synthesis of PCBPFs with accurate bandwidth. The synthesis is based on
the composite ABCD matrix of all coupled stages instead of modeling each stage with
the J-inverter equivalent circuit. Synthesis equations are established by matching the
coefficients of /L function with the maximally-flat and Chebyshev functions. The
under-determined conditions leave several degrees of freedom in choosing the circuit
dimensions. By properly utilizing these degrees of freedom, the problem resulted from
the tight coupled-line dimensions can be resolved by gathering all difficulties to the end
stages and employing tapped input/output to replace the end stages. Several filters are
simulated, fabricated and measured to demonstrate the formulation and circuit

synthesis. The measured results manifest very accurate bandwidths.
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Chapter 1

Introduction

1-1 New formulas for synthesizing microstrip bandpass filters with relatively wide
bandwidths:

The ultra-wideband (UWB) technologies for commercial communication
applications have created a need of a transmitter with bandwidths of up to or more than
several GHz [1]. Microwave passive devices with such a wide bandwidth have been
investigated recently [2—4]. Lumped elements are incorporated into the circuit design
for a directional coupler with an octave-band [2]. The three-line structures in [3] and
ground plane aperture compensation techniques in+[4] are suitable for implementing
filters of a wide bandwidth.

Consisting of a cascade of coupled stages, parallel-coupled line configuration is
attractive for realizing microstrip bandpass filters in microwave frequencies [3-7]. It is
popular since it has an easy synthesis procedure and a wide range of realizable
bandwidths. In a conventional design, approximate synthesis formulas have been well
documented for determining dimensions of each coupled stage [6-7]. In deriving these
formulas, one of the key steps is to establish the equivalence of a coupled stage to a
two-port network of two quarter-wave transmission line sections with an admittance
inverter in between. The approximation has a good accuracy when the filter has a
relatively small bandwidth. This is because the frequency response of a coupled stage
has a zero derivative at center frequency f,, and thus is relatively insensitive to
variation of frequency. When the designed bandwidth becomes larger, however, the

coupling of the coupled stage is no longer a constant, and it apparently rolls off as the



frequency moves away from f,. Thus, a modification is required for the formulas when
the microstrip filters are designed to have a wide bandwidth.

In Chapter 2, simple formulas are proposed for improving prediction of the
bandwidth of parallel-coupled microstrip filters. Two experimental Chebyshev filters

are measured to demonstrate the significant improvement.

1-2 Insertion loss function synthesis of maximally flat parallel-coupled line bandpass
filters:

As mentioned in Section 1-1, since the admittance inverter in equivalent circuit is
assumed independent of frequency, the conventional formulas are accurate only for
bandpass filters (BPFs) with a relative small bandwidth (BW).

BPFs synthesized based on the conventional method will have a fractional BW A
less than specification. The BW .decrement detetiorates as filter order or designed BW
is increased. As reported in [13], when filter order N = 3 and A = 35%, the synthesized
circuit has only A = 30%. When A=50%, the realized BWs are only 41% and 38% for
N =3 and N = 5, respectively. For recovering the BW decrement, new formulas for
determining Z,. and Z,, of each coupled stage have been derived in Chapter 2 for
synthesizing relatively wideband filters. In this way, the realized BWs can be greatly
improved, but the BW decrement is still not completely resolved. For example, when A
= 50% is given, the new designs still have only 48.2% and 44% for N=3 and N =5,
respectively.

Some methods have been proposed to design filters with accurate passband
responses. In [14], insertion loss (/L) functions are derived for maximally flat filters
with short- circuited quarter-wave stubs. The Q distribution method in [8] can provide

accurate solutions to filters with narrow and wide BWs. Entire procedure for finding



the Q distribution includes choosing the number of sections, creating composite ABCD
matrix, and solving individual admittance values of the resonators. For direct-coupled
microwave filters of 2 ~ 12 resonant elements having A = 10% ~ 43%, the theoretical
results in [9] have good agreement with computed responses. In [38], the synthesis
formulas are derived based on the image parameter method and the insertion loss
method, which are available for the design of wide-band and narrow-band microwave
filters.

In Chapter 3, the /L function of a parallel-coupled bandpass filter is derived for
synthesizing maximally flat responses. The synthesis formulas are derived directly
from the composite ABCD matrix of all coupled stages instead of using J-inverter
equivalent circuits. Based on the derived function, simultaneous conditions for
determining dimensions of all coupled stages are, provided. Section 3-1 shows the
derivation for filters of order N £ 6. Section 3-2 presents results of three filters to
demonstrate the formulation and. synthesis:iIn realizing two additional relatively
wideband filters, pattern resolution of certain stages exceeds our fabrication limits.
Thus in Section 3-3 tapped lines are designed to resolve this problem. Measured

responses are compared with EM simulation and theoretical predictions.

1-3 Direct synthesis of parallel-coupled line bandpass filters with Chebyshev
responses:

The formulation in Chapter 3, however, is limited to maximally flat responses.
Chebyshev filters can have more applications than those of the maximally flat type, due
to the degree of freedom in trade-off between the ripple level in passband and rejection
rate in transition band. Chapter 4 extends the method developed in Chapter 3 to

synthesis of the Chebyshev filters. Section 4-1 formulates the /L function for filters of



order N < 5, and Section 4-2 investigates the performance of synthesized responses
associated with given ripple level and BW. The /L functions can not give absolute
equal ripples when N > 4. A viable method is provided to improve the situation.
Section 4-3 presents three filters to demonstrate the formulation and synthesis.
Measured responses are compared with theoretical predictions as well as the simulated

obtained by an EM software package.



Chapter 2

New Formulas for Synthesizing Microstrip
Bandpass Filters with Relatively Wide
Bandwidths

Approximate design equations for each coupled stage in a parallel-coupled
microstrip filter have been given by [6-7] and adopted popularly in realization. The
classical design formulas for determining the dimensions of each coupled stage are
derived based on an assumption that ;the. admittance inverter is independent of
frequency. As a result, these equations are accurate only for filters with relatively
narrow bandwidths. Thus, for parallel-coupled microstrip filters designed to have a
wide bandwidth, the design formulas need modifying.

New formulas are proposed for designing wideband parallel-coupled microstrip
bandpass filters with improved prediction of bandwidth. When a fractional bandwidth
A is required, a correction €= (772)(1 + A/2) is incorporated into the formulation for
determining the dimensions of each coupled stage. Two filters with A = 50% are
designed and fabricated to show the improvement. The measurement shows a very

good agreement with the simulation.



2-1 Design Formulas with Improved Accuracy

From the perspective of circuit synthesis, accurate dimensions of the coupled

stage are the most important in implementing the filter. The coupled stage in Fig. 2.1(a)

has an electrical length €, and even and odd mode characteristic impedances Z,. and

Zoo.

The impedance matrix elements of the coupled stage in Fig. 2.1(a) can be derived

[7] as

le = ZZZ = _é(zoe +ZOO)COt9

Zl2 = ZZ] = _é(zoe —ZOO)CSCQ

Bl AN
7

Zoe s ZOO
& —
(a)
-0+ -0+
Oo—0— L
Z, J Z,
(b)

Fig. 2.1 (a) A coupled-line stage. (b) Equivalent circuit of (a).

(2.1a)

(2.1b)



Here, the even- and odd-mode phase velocities for the coupled stage are assumed
identical. From (2.1a) and (2.1b), the ABCD matrix for the coupled-line stage can be

derived as

Z,+Z ' : 4z,.z
Loe %00 o059 L (z,-2,,)sing———2=0° 0982(9
[A B}_ zZ,-7, 2 Z,-7, sinf (2.2)
C D| 7 47
jzzsiné? Mcos&

The ABCD matrix for the J inverter circuit in Fig. 2.1(b) can be derived as

[ cos® jZ sind —j1[ cos® jZ,siné
A B . ’ 0, — - ?
=| .sinf 7 || .siné
[C D} j—— .cost , Jj cosf
Z, —-jJ 0 Z, (2.3)

_ .
JZ, +L cos@sin@: jlJZ. sin® O - cos’ 6
JZ J

o

o

Jj Lsin2 0-Jcos' 0| |JzZ, +L cosdsind
JZ? JZ

Equating the right hand sides of (2.2) and (2.3), one can express Z,. and Z,, in terms of

the circuit parameters of the admittance inverter as follows

JZ? sin 0
= 2 _[(J2, Ly sin0+1] (2.4)
sin” @—(JZ, cos 0) JZ,
JZ?*sin 0 1 .
o =" ° 5 [(JZ,+—)sinO—-1] (2.4b)
sin® @—(JZ, cos0) JZ,



It is difficult to implement a coupled microstrip stage having a
frequency-dependent behavior as described in (2.4). In fact, constant values for Z,. and
Z,, have to be used to determine the dimensions of each stage from the characteristic
impedance design graphs. Note that if €= 772 is used, (2.4a) and (2.4b) reduce to those
given in [7]. Since the approximation € = 772 is accurate only in the vicinity of the
center frequency, this may lead to an error in estimating the filter bandwidth. Thus,

when the required fractional bandwidth is A,
Vs A
0=—(1x— 2.5
5 ( 5 ) (2.5)

can be used to calculate the Z,. and Z,, for each coupled stage. Obviously, an exact
equivalence between the circuits.in Fig. 2.1(a).and Fig. 2.1(b) is assured at the
passband edges. This will make thé.prediction of filter bandwidths more accurate,

which will be demonstrated later.



2-2 Filter Fabrication and Measurements

To show the significant improvement in predicting the filter bandwidth provided
by (2.4) and (2.5), we first examine the changes of Z,, and Z,, of coupled microstrip
stages due to the deviation of @ from 772. Table 2.1 lists their values for the n"™ coupled
stage in a third-, a fifth- and a seventh-order Chebyshev filters with 0.1dB ripple level
and 50% fractional bandwidth.

It is noted that for an N"™-order Chebyshev filter, the n™ coupled stage is identical
to the (N+2-n)" one. The numbers in Table 2.1 indicate that the end stages have the
largest change in Z,,, which is increased by no more than 6% for all cases shown here.
On the other hand, the value of Z,, exhibits a significant change; for example, Z,, is

increased by more than 20C2 for the end stages.

TABLE 2.1
EVEN AND ODD MODE CHARACTERISTIC IMPEDANCES FOR THE 7™ COUPLED STAGES OF AN N"'-ORDER
CHEBYSHEV FILTER OBTAINED BY THE IMPROVED AND CLASSICAL FORMULAS.

RIPPLE LEVEL = 0.1dB AND A= 50%.

N Improved Classical
n Zoo(L2) Zoo(£)) Zoo(L) Zoo(L))
3 1 155.6 47.0 131.7 444
2 126.4 40.6 112.2 40.0
1 146.2 44.7 125.6 42.9
5 2 111.0 38.3 100.9 38.3
3 90.8 37.0 85.3 37.5
1 143.8 44.2 124.0 42.5
2 107.9 38.0 98.6 38.1
7 3 88.1 37.0 83.1 37.6
4 85.5 37.1 81.0 37.7
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Figure 2.2 Normalized characteristic impedances Z,, and Z,, versus designed bandwidths with ripple

level 0.1dB.(a) N=3. (b) N=5.
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Fig. 2.2(a) and 2.2(b) show the variations of normalized characteristic impedance
Z,. and Z,, versus designed bandwidths with Chebyshev response, ripple level 0.1dB,
N =3 and N = 5, respectively. The results are obtained by using the approximation
condition (2.5). As shown in the figures, the normalized impedance Z,. of each coupled
stage is increased by the improved formulas, thus increased the coupling factor. The
largest variation of normalized Z,. is occurred at the end stage.

Next, we proceed to synthesize the parallel-coupled microstrip wideband filters.
All the filters are designed on an RT/duroid 6010 substrate with & = 10.2 and thickness
d=1.27mm. Fig. 2.3 plots the bandwidth decrement against the designed specification.
The test vehicle includes a third- and a fifth-order Chebyshev filters of ripple level
0.1dB. In simulation by the full-wave simulator IE3D [10], the responses are obtained
by discretizing the circuits with twenty and fortycells per wavelength, and they are
found indistinguishable.

In Fig. 2.3, the curves denoted by “‘¢lassical” are-of filters obtained by (2.4) with &
= 7/2, and those by “improved” are of filtersisynthesized by (2.4) and (2.5). When the
filter order N = 3 and the designed bandwidth is less than 25%, the bandwidth
decrement is insignificant. If A is increased to 35%, however, the classical formulas
produce a fractional bandwidth with 5% less than the specification. The bandwidth
decrement deteriorates as the filter order or the designed A is increased. Upon the
requirement of A = 70%, in the classical design, the bandwidth decrements are close to
19% and 25% for N =3 and N = 5, respectively, while in our proposed equations, the

decrements are only about 5% and 12.5%.
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Fig. 2.3 Bandwidth decrement versus designed bandwidth from simulation responses of a third-

and fifth-order Chebysheyv filters'with 0.1dB ripple level.

Finally, we examine the quality of the passband responses for filters designed with
(2.4) and (2.5). Fig. 2.4 plots the simulation and measured responses for a third-order
Chebyshev filter, and they show a very good agreement. Detailed data show that the
simulated and measured results have fractional bandwidths of 48.4% and 48.2%,
respectively, which are close to the designed bandwidth 50%. The measured results of
a filter designed by classical formulas are also plotted for comparison. Its fractional
bandwidth is only 41%.

Fig. 2.5(a) plots the results for a fifth-order filter. Again, the simulation and
measured responses have a good agreement, and fractional bandwidths of 44.4% and
44%, respectively. For the filter based on the classical design, the measured response

shows A = 38%.

12



- Classical —— Simulation —— Measured

1S11l, [S21] (dB)

3 4 S 6 7
Frequency (GHz)

Fig. 2.4 Comparison of responses for third-order filters designed by the improved and classical formulas.

The designed bandwidth is 50% and ripple level is 0.1dB. The substrate has g = 10.2 and thickness d =

1.27mm.
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Fig. 2.5 (a) Comparison of responses for fifth-order filters designed by the improved and classical
formulas. The designed bandwidth is 50% and ripple level is 0.1dB. The substrate has & = 10.2 and
thickness d = 1.27mm. (b) Photograph of the fifth-order filter.
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Chapter 3

Insertion Loss Function Synthesis of
Maximally Flat Parallel-Coupled Line
Bandpass Filters

Insertion loss (/L) functions are derived for synthesis of microstrip
parallel-coupled line bandpass filters with maximally flat responses. The derivation is
performed by successively multiplying the 4BCD matrices of all coupled stages
instead of using J-inverter equivalént circuits. Simultaneous equations for determining
line width and line spacing of the coupled stages are established by total O (Qr) of the
filter specification and comparing the /L function with the canonical form. The results
are provided for filters of order N < 6."Two filters with fractional bandwidths A =30%
and a filter with A =40% are synthesized and demonstrated by simulation using an EM
full-wave software package, while measurements are further performed for one of
them. The results show very accurate bandwidths. The under-determined conditions
leave several degrees of freedom in choosing the circuit dimensions. By properly
utilizing these degrees of freedom, the problem resulted from the tight coupled-line
dimensions can be resolved by gathering all difficulties to the end stages and
employing tapped input/output to replace the end stages. Two filters with A =40% and
50% are fabricated to proof the feasibility. The measured results show very good

agreement with the theoretical responses.
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3-1 The Maximally Flat Insertion Loss Function

For the N-order parallel-coupled microstrip filter in Fig. 3.1, let the generator and
load impedances be identical and normalized to unity. Since a maximally flat response
is assumed, the circuit layout is symmetric about its center and, when it is characterized
by a composite ABCD matrix, A = D holds. It can be shown that the /L function can be

written as [6]

II}=1+[ I? =1+(Q"Y)? (3.1

L

J(B-C)
2

where j = -1, N is order, P, is power available from source, and P;, is power delivered

to load.

1 2 ——
N I
N+1

Fig. 3.1 An N-order parallel-coupled line filter.

-6 =

o
i

4>‘~§}<7

Zoei s Zooi

Fig. 3.2 The ith coupled stage has line width W; and gap G, Even and odd mode characteristic

impedances are respectively Z,.; and Z,,;.



Of an Nth-order filter, the impedance matrix elements of the ith coupled stage in

Fig. 3.2 can be derived [7] as

Zyy=Zy =—

1

(z,.+2,, )cotd (3.2a)

oei

ZlZ[ = Z21[ == (Zoe[ - Zooi )CSC 0 (32b)

N [~ N~

where @is its electrical length and Z,.; and Z,,; are the characteristic impedances of the
even- and odd-modes, respectively. Here, the even- and odd-mode phase velocities for
all coupled stages are assumed identical. From (3.2a) and (3.2b), the ABCD matrix can

be obtained as

4 B ~Al= |2 2y B2 o2
{ }:sm e [ ) 63
G D] I Vg qs;
q = cotd (3.3b)
Z V72,
Si:% (330)
zZ.-Z,.
7 = Zoi = Zoo 3.3d
] Z ( )

The composite ABCD matrix of an N-order filter can be obtained by successively

multiplying the N+1 ABCD matrices as follows:
{A B} _ {Al B, }|:Az Bz} {ANH BNH} ()
C D N Cl Dl C2 D2 CN+1 DN+1 .
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As N becomes large, the result of (3.4) can be very tedious and complicated. If the
matrix entries are expressed in terms of g, however, the results become much simpler.

Substituting (3.3a) for all stages into (3.4) yields

{A B} _sin"'o ><{fa(q) fb(q)} G50
¢ DN IT,. Ty, /() .
Where
[ 1.@) fb(q)}
@) fa(@)
I 2 N+l J 3 N2 (3.5b)
_| @+ qa+. g ay, 5[qb1+qb3+'"+q bm]
_2j[qcl+q3c3+...+chN] d,+q’d, +..+q""'d,,,
when N is odd, and
@) fb(q)}
Lf@) fol@)
| 3 N+ J ) Nio (3.5¢)
_|9a+qas+..+q ay, 5[b0+qb2+...+q bN+2]
_2j[co+q202+...+chN] qd +q’d, +..+q""'d

N+1
when N is even. The coefficients of each polynomial are functions of S; and 7;. The

object of (3.5) is to find conditions for determining Z,.; and Z,,;, and hence geometries

of the coupled stages.
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3-1-1 First-order Filters:
When N = 1, the composite ABCD matrix is a product of two identical ABCD

matrices. It can be derived that

jB-C)
? (.6)
1] . 1 cosd S '
=—|sinfcosO(2S, ——=S’)+ LS -17
le{ ( 1 21) Sinez(l 1)j|
Comparing (3.6) with the canonical form (3.1), we have
28, —155 =0 or S, =2 (3.7)
2
Substituting (3.7) into (3.6) yields the /L function
2
P, :1+[COSHT S,(S}-T?) (3.9)
P, sin 0 2T '

The condition for solving 7' can be obtained by imposing the given 3-dB bandwidth to

(3.8). This will be addressed later.

3-1-2 Third-order Filters:
For a third-order filter, S; =S4, S, =83, T1 = T4, and T, = T5. The composite ABCD
matrix can be obtained by multiplying the ABCD matrices of the leading two stages,

and post-multiplying the resulted matrix by itself with indices 1 and 2 being
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interchanged. The result can be written as

J(B-C) _ _21 ~[sin&cos O(h,)
2 27T,

» (3.9a)

+sin@cos’ O(h, —h, —hy) + C(.)S (h3)]

sin &
Where
h, :4];2(S1 "'Sz)_Tf(Ssz2 +S2le) (3.9b)
h, :_27;2(517122 +S27;2)+(S1 +8,)% (3.9¢)
9c
(I7S? +2T°S,S, + 4T} —4S; —48.S,)

h3 = (le - SIZ)SISZZ - Sz (le - Slz)2 (3.94d)

+ (Tz2 - Szz)[Slzsz . Slle + S13]

Matching (3.9a) with the canonical form (3:1), we reserve only the cos’@/sind term, i.c.,

enforce ;= 0 and &, = hs, to eliminate the dependence of the /L function on sin&coséd

and sinécos’ 6. It leads to the following two conditions:

S, =2 (3.10a)

AT (S +8) =T (ST +S,T) (3.10b)

Inserting (3.10b) and (3.9d) into (3.9a) yields

P, zl{cos 9} {2S2<Sl+52)[<sl+sz>—ﬂ ]} .

sin @ T'T}
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The variable S; is purposely kept in (3.11) since it is useful in expressing the /L

function in a general form. Note that there are four unknowns to be determined by only

three equations, i.e., (3.10a), (3.10b), and (3.11) from given BW. Thus we have one

degree of freedom in choosing the circuit dimensions.

3-1-3 Fifth-order Filters:

When N = 5, from the circuit symmetry, S] = S6, Sz = S5, S3 = S4, T1 = T6, Tz = T5

and T3 = Tj. It can be derived that

where

(B — - . .
J( 5 O = 2T2T12T2 [sinfcosB(g,) +sin@cos’ 0(g, —2g))
1 52°3
. cos’ @
+sinfcos’ 0(g —g,+8g —g,)+———(g,)]
siné

g, =T T[S, T =4S, + Sy)]+ LTS, +S,)—45.T,

2 2(7;2 _Ssz)[@ "'Sa)T]4 _41’51272'2]"'73&(]12 _‘ﬂz)[sﬁze +2(S2 +S3)71'2]_

AL =S)ST +2ST) (I ~DIS ST (S, +25)+SS T (28, +8) 1+
ST =G -S)E +HT =SB+ LTSS, +S7 (S, +5)]-
SzSaTl“(Sz +S3)+Tz'2(4;5'2532 _S;ZS27;2 _Slzsﬂgz)

=0 =)@ —SHRE (S, +S)+SL1-( —S)ISS.E (S, +25) +

SST2S, +S)+2S,STE(S, +S) (T —S))ES,S: —S'S,T; —25S,T)+

(I3 =S)IS,(45,S, =STT) +4S7(S, +SPI-S ST =T ~4)(S, +25,) -
ST =SHIF ~HES, +8,) ~4S,(T; ST =S)+ST (I -SH(T; =)+
ST AT -S)(T5 —S3)~4Sy(Ty =S ) + T (I =S (S, +5))+

SSSTE - +SIS,SIST +ST; 48, +S,)]

=S8,8: (I =S+ S8, (I =8+ S),8(I = 85)—

S]S2(S2 +2Sa)(7;2 _Slz)(];z _S32)_SIS3(2S2 +S3)(7;2 _*5'12)(7;2 _Szz)_
SESUT; =TT =S3)+(S, +S)E =SV (I =S5 = S$,8)~
SISUT =) +S(L =SHE =S)HE; =S5)
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Matching (3.12a) with the canonical form (3.1), we reserve only the cos’d/siné term,
i.e., enforce g; =0, g» = 2g; and g;-g»+g3-g4 = 0 to eliminate the dependence of the /L
function on sinéos, sinfcos’d and sinécos 6. It leads to the following three

conditions:

S, =2 (3.13a)
AT |3 (S, +8,) + ST =TS + (S, +S,) (3.13b)

RTZS, (S, +8,) +AT2(S, +5,)° =T2[T2S,(S, +8,)+2128,S, +2T25,(S, +S,)]  (3.13¢)

Inserting (3.13b) and (3.13c¢) into (3.12a) yields the /L function as

» {COSS eﬂzss(sl 15, +5,)°[(S, +S2)—Tf]}2 (3.14)

— =1+

P~ | sing rhT
Note that in (3.14) there are six unknowns, i.e., Sy, Sz, 83, 71, T», and T3, to be
determined. When the circuit bandwidth is given, there are only four conditions
including (3.13a) ~ (3.13c). It means that we have two degrees of freedom in choosing

the circuit dimensions.

3-1-4 Insertion Loss Function of a Filter of Order N <6:

For an Nth-order filter, the /L function can be derived in a similar fashion. The
simultaneous equations for solving S; and 7; are obtained by saving cos"0/sinf term and
enforcing coefficients for all other terms to zero. It is found that a general expression

exists for the /L functions of order N < 6:
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2

P cos” @

Feeln =
L

N N-l ,
H(Si +8i)— H(Si +8,.,:0)7
KN — i=l1 i=l1

(3.15b)

LTIy,

It is interesting to note that in the &-dependent term of (3.15a), the numerator is cos*" @
and denominator is sin’. The former reflects the fact that the leading 2N — 1
derivatives of (3.15a) with respect to @ are zero at f,, and the latter implies a
transmission zero existing at 2f, where &= . The zero relies on the assumption that all
coupled-line stages in the filter have only one phase velocity.

The simultaneous conditions for determining.S; and 7; are listed in Table 3.1. It is
found that S; = 2 for each N. Note that total number of.unknowns for an N-order filter is
N=+1 for odd N and N+2 for even N. Asshown in Table 3.1, only [N/2] + 2 conditions
are obtained, including the condition-specified by the bandwidth. Here, [N/2] is an
integer by truncating N/2. It can be seen that number of equations is less than that of
unknowns when N > 2. For example, when N = 6, eight variables have to be found for
four of seven coupled stages. Three free dimensions exist since these variables are
specified by only five equations. This under-determined feature is very helpful for
circuit realization since both line width and gap size of coupled microstrips have

resolution limits in fabrication. This will be discussed in Section 3-3.
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TABLE 3.1

THE MAXIMALLY FLAT CONDITIONS FORN=1 ~ 6.

N Maximally Flat Conditions ];ifzzz::lf
1 S1 =2 0
2 [5=2 1
2T, =17
3072 1
4T3 (S, +8,) =TS T3 +5,T7)
S =2
2 2
4 |21 =TTy 2
2
RIS, +8,)+ T2, + 8] =212 [12(S, +80)7 +T28,(S, +S)+ T25,(S, +5,)]
S, =2
5 |472[r2 (s, +5,)+ 8,12 |= T2 T2[5,12 + T(S, +5,)] 2
8T, S,(S, +8,) + 4T (S, +S,)* = T2 TS5 (S, +S3) +2T5°S,S; + 275 S, (S, + S, )]
s, =2
2T22T4 = T12Ts2
o [ 45047208+ $)F 22 B[ (5,4 50085 4.5+ 735,85 + S+ T35,(5, +.52)] ;
+ T2 (S, + SIS 489+ 217 T3S, ~8T7(S, +S,)]
A4S, +8,)(S, +8)2TF (S5 +8,) + 275 (Sp 48, ) + T (S, +55)]
=TT (S, +55)(S; +8,)% + 2778, (Sy +8, )+ 4T3 S, (S) 5, )(S5 + S,) + 2T2S, (S, +8,)(S, +S3)]

N
(e}

Insertion Loss (dB)
\®] (0%}
[e) (=)

—_
=)

Frequency (GHz)

Fig. 3.3 The calculated maximally flat responses of N=1, 3 and 5. Fractional bandwidth A =50%, f, = 5.8
GHz.
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3-1-5 The Qr Condition and the 3-dB Bandwidth:

For a maximally flat filter, the total Q (Qr) and the 3-dB bandwidth is related by
Wy

O = (3.16)

W, =,

where @y is the design frequency, and w; and w; are the 3-dB cutoff frequencies

specified by

=— (3.17)

e‘ :%(lizé ] (3.18)

and Ky in (3.15a) can be derived.as

sin &

0,0,

Ky

3.19
cos” @ (3-19)

W),

This is called the QO condition herein. For demonstration, based on (3.15a) and (3.19),
Fig. 3.3 plots the calculated maximally flat responses for N=1, 3 and 5 with A = 50%
and f, = 5.8GHz. The inserted frame shows the detailed passband performance.

The synthesis method can be applied to Chebyshev filters as well. For example,
when N = 3, the expressions of /1, &y, and /3 in (3.9a) are then specified by constants

associated with the ripple level. Detailed results will be reported later in Chapter 4.
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3-2 Three Examples

A third-order filter & and a sixth-order filter £ are synthesized with A =30%, and
the fifth-order filter y is synthesized with A = 40% for validating the formulation. The
center frequency is f, = 5.8GHz. Simulated results by the IE3D [10] are presented for

three circuits, while measurements are further performed for filter c.

3-2-1 Filter o:

When N = 3, the O, condition (3.19) gives

25,2+ S)IQ+8)-T1=|——5 LTy (3.20)
CcO

where (3.10a) is used and, from (3.18), 8= 1.3352 radian. Inserting (3.10b) into (3.20)
yields

8(2+S,) —122 +8,) T+ 4(2% ST —| S0
C

os’ 0

7' =0 (3.21)

There is one degree of freedom in‘finding the solution. Fig. 3.4 plots the solutions of S,
and 7, for T} ranging from 0.9 to 1.3. Referring to (3.3¢c) and (3.3d), we have Z,.; = (S;
+ T)xZ,/2 and Z,, = (Si — Ti)xZ,/2. Obviously, not all roots shown in Fig. 3.4 are
realizable using the standard microstrip technology. Realizable Z,.; and Z,,; depend on
structural parameters, and obviously Z, is the dominant factor. Suppose that the filters
are designed on a substrate with & = 10.2 and thickness d = 1.27mm. According to
resolution of our fabrication facilities, G/d and W/d must be no less than 0.1. When Z, =
50Q and 90Q), Z,. and Z,, for the first and second stages are plotted together with the
design graph in Fig. 3.5. As T is increased, values of Z,.1, Z,.», and Z,,, increase while
that of Z,,; decreases. If Z, = 50Q is used, the gap size G/d for stage 1 will be no larger
than 0.1. If both stages are required to have G/d > 0.1, for Z, = 90Q, value of 7 must be
between 1.03 and 1.06. Therefore, the solution is chosen as S;= 2, T, = 1.043, S, =
0.895 and 7, = 0.336. The corresponding modal characteristic impedances are listed in

Table 3.2.
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Fig. 3.4 Possible roots for S, and 7T, with respect to 7} for a third-order filter with A =30% and A = 50%.

THE CHOSEN SOLUTIONS AND MODAL CHARACTERISTIC.IMPEDANCES OF EACH COUPLED STAGE OF

‘TABLE3:2

FILTERS «, y AND 3

Filters 1st stage 2nd stage 3rd stage 4th stage
a S1=2 Sz =0.895
N=3 T,=1.043 =0.336 Same as the | Same as the
A=30% |Z,.1=136.93Q2 Zoez 55.40Q2 2nd stage Ist stage
Zo=90Q |Z,01=43.07Q (Z,0n=25.16Q2
V4 S1=2 S$>=1.32 S3=1.321
N=5 T:=1.454 T7,=0.72 3=0.447 Same as the
A=40% |Z,e;=86.35Q |Z,.o=51Q Zoe3=44.2Q 3rd stage
Z,=50Q |Z,,;=13.65Q2 |Z,,2=15Q Zpo3=21.85Q
¥i; S1=2 $,=0.96 S3=1.25 S4=1.65
N=6 T,=1.23 T,=0.51 T5=04 T4=0.465
A=30% |Zye1=145.35Q |Zyer=66.15Q |Zpe3=T4.2582 | Zpes = 95.18Q
Zo=90Q |Z,,1=34.65Q2 |Z,,o=20.25Q |[Z,03=38.25Q|Z,,4=53.33Q0
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Fig. 3.5 Root loci for Z,, and Z,, of the first and second stages of filter & when Z, = 50 Q and 90 Q.
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Fig. 3.6 (a) Theoretical and measured responses of filter a. (b) Photograph of the fabricated circuit. f, =
5.8GHz, N=3 and A = 30%. Circuit dimensions: ;= 0.24 mm, G;=0.15 mm, W,=1.45 mm, G,=0.13
mm. The line width of the quarter-wave transformer is 0.8mm. Substrate: g. = 10.2, thickness = 1.27

mm.
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Fig. 3.6(a) shows the theoretical and measured results of filter «. Quarter-wave
transformers are used to match Z, = 90 Q to 50 Q at the input and output ports. In Fig.
3.6(a), the curve denoted by “theoretical” is obtained by (3.11), and those by “present”
and “conventional” are measured responses of filters synthesized by the present
method and the conventional method [7], respectively. The “present” response matches
with the “theoretical” maximally flat response very well. The excess poles of |S}i
could result from the unequal even- and odd-mode phase velocities of the microstrip
coupled stages. Detailed data show that the measured “present” filter has A = 30.2%,
very close to the design. The filter based on the conventional method [6-7] has A =26%,
mainly due to the use of frequency independent J-inverters for the coupled-line stages.

This is consistent with the results reported in [ 13]. Fig. 3.6(b) is photograph of filter c.

3-2-2 Filter y:

For a fifth-order filter, the Oy condition is obtained as

sinf

2S3(S1 +S2)(Sz +S3)2[(S1 +S2)_T12]: T12T22T32 (3.22)

cos’ 0

Using (3.22) and the maximally conditions (3.13a) ~ (3.13c), the maximally flat
responses are well specified. From (3.18), &= 1.2566 radian. There are two degrees of
freedom for choosing the solutions. Fig. 3.7 plots the filtered solutions of S,, 7>, S5 and
T5 for T} ranging from 1.4 to 1.75. When Z, =50 Q, Z,. and Z,, for the first, second and
third stages are plotted together with the design graph in Fig. 3.8. It is found the gap

size G/d for stage 1 is always less than 0.1 even the degrees of freedom in choosing the
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solution are fully utilized. However, we choose a solution for the 5-order filter for
validating the circuit synthesis. The characteristic impedances for each coupled stages
are listed in Table 3.2 and detailed dimensions are in the figure caption of Fig. 3.9.
Since some gap sizes, G; = 0.001 mm and G, = 0.005 mm, are far beyond the best
resolution of our fabrication facilities, only simulation responses are provided. Fig. 3.9
shows the theoretical and simulated results of this filter. If the conventional method is
used, upon the requirement of A = 40%, the bandwidth decrement could close to 10%
[13]. While in our proposed method, the bandwidth is 40.5% which very close to the

specification.
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Fig. 3.7 Possible roots for the 2nd and 3rd coupled stages of the fifth-order filter with A = 40%.
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Fig. 3.8 Root loci for Z,, and Z,, of the first, second and third stages of the fifth-order filter with A =40%
and Z, =50 Q.
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Fig. 3.9 Simulated and theoretical responses of the synthesized filter y. f, = 5.8GHz, N =5, A = 40%.
Circuit dimensions: W, =0.767 mm, G;= 0.001 mm, #,=1.94 mm, G,= 0.005 mm, W5;=2.1 mm, Gz=

0.1 mm.
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3-2-3 Filter p:

For a sixth-order filter, the O, condition is

sin@
(2+85,)(S, +8,)° (S, +8,)’[(2+ S,) - T*] = s 0 T'TT]T, (3.23)

6

There are three degrees of freedom for choosing the solutions. We take 73, S, and 75 as
sweep variables in solving the simultaneous equations. If solutions with tough
structural parameters are removed, the rest S, ranges from 0.49 to 1.54 and 7, from
0.28 to 0.61, for 1.08 < 7 < 1.7. Three sets of solutions with (S,, 72) = (0.49, 0.28),
(0.96, 0.51) and (1.54, 0.61) are plotted in Fig. 3.10. Based on the design graph in Fig.
3.5 and Z,= 90Q), we choose a solution for filtet:S for validating the circuit synthesis.
As shown in Fig. 3.11, the simulation results match very well with the theoretical
prediction. The simulated response has.a BW of 30.3%, i.e., only 0.3% away from the
specification. The characteristic impedances for'each coupled stage are listed in Table
3.2 and detailed dimensions are in the figure caption. Since some gap sizes, G| =
0.06mm and G, = 0.02mm, are far beyond the best resolution of our fabrication

facilities, only simulation responses are provided.
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Fig. 3.10 Root loci of S;, T, S4 and T, dor a sixth-order filter with A = 30% for (S,, T3) = (0.49, 0.28),
(0.96, 0.51) and (1.54, 0.61).
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Fig. 3.11 Simulation and theoretical responses of filter f. f, = 5.8GHz, N = 6, A = 30%. Circuit
dimensions: W= 0.24 mm, G;=0.06 mm, W,=1.27 mm, G,=0.02 mm, W3;=0.92 mm, G;= 0.47 mm,
W4=0.55 mm, G,= 0.78 mm.
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3-3 Implementation Using Tapped Input/OQutput

In many cases, such as Fig. 3.11, line widths or gaps are too small to fabricate,
even the degrees of freedom in choosing the solution are fully utilized. This situation
becomes more severe when order or BW is increased. Fortunately, the tapped
input/output [15-16] can be used to resolve this problem. Theoretically, the tapping
structure can realize a very wide range of the coupling coefficients. Thus, criterion for
choosing the solution becomes to release dimensions of middle stages and locate the
difficulties to the end stages as much as possible.

Since the derivation of the /L function (3.15) is based on a cascade of coupled
stages, we have to establish the equivalence between a tapped resonator and a coupled

stage. For the tapped structure in Fig. 3.12, let 7 be the distance between the tap point

and one end of the resonator and'Z be,itscharacteristic impedance. It can be shown

that its impedance matrix elements can be written as

Z,, =—jZ, cos pl(sin' Bl + cos pl cot L) (3.24a)
VA {4
Zyy =2y =—j 22 p (3.24b)
sin SL
Z,, =—jZ cot L (3.24¢)

At the same time, the Z matrix elements of a coupled-line stage are (3.2a) and (3.2b).
The equivalence of these two two-ports can be established by letting 8= L =7/2, /=0

and Z, = (Z,. — Z,0)/2. The equivalence is, however, valid only for a finite frequency
band. Fig. 3.13 investigates the performance of the equivalence. Two coupled stages

With (Zoe, Zoo) = (92.88Q2, 7.1202) and (89.68Q), 10.32Q)) are studied. The sum of Z,.
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and Z,, is 100Q2 since S; = 2 and Z, = 50Q is expected. In Fig. 3.13, both cases have a
maximal |S>;| deviation less than 0.08 dB and 0.34 dB within a BW of 50% and 100%,
respectively. These two tapped line structures will be employed to the following two

experimental filters.

3-3-1 Filter o:

This filter is designed to have N =3 and A = 50%. Based on (3.18), = 1.1781
radian, the S, and 7 solutions for 7) varying from 1.1 to 1.6 are shown in Fig. 3.4. For
realization, the chosen roots and modal impedances are listed in Table 3.3 with Z,=
50Q. A tapped resonator with Z; = 39.68Q is used to replace the end stages with Z,.; =
89.68Q and Z,,; = 10.32Q). Fig. 3.14(a) plots the theoretical, simulated and measured
responses. They have very good:-agreement within the passband. Detailed data show
that the BWs of the simulated and measured results have only 0.5% and —0.5%,
respectively, away from the theory."The measuréd midband insertion loss is about
0.35dB. Photograph of the fabricated filter is in Fig. 3.14(b). Note that the line gap
0.23mm is much easier to realize than the 0.13mm-gap of filter . Thus, as compared
with filter «, there are at least two advantages incorporating the tapped input/output
into the design. One is that it greatly releases the tough circuit dimensions even though
the BW is increased from 30% to 50%, and the other is that the impedance transformer

can be saved since Z, = 50Q).
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Fig.3.12 A tapped line treated as a two-port network.
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Fig. 3.13 Comparison of |S,;| responses of tapped lines and coupled stages.
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Fig. 3.14 (a) Theoretical, simulated and measured responses of filter o. f, = 5.8GHz, N=3, A =50%. (b)
Photograph of the fabricated circuit. Circuit dimensions: W, =2mm, W, = 0.54mm, G,= 0.23mm.
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TABLE 3.3

THE CHOSEN ROOTS AND MODAL IMPEDANCES OF THE TWO EXPERIMENTAL FILTERS

WITH TAPPED INPUTS

Filters 1% stage 2" stage 3" stage
) S1=2 S>=2.629
N=3 I'=1587 |Ih=1.112 Same as the
A=50% |/=0 Zper» =93:.5300 2nd stage
Z,=50Q |Z;=3968Q {Zp=137.93Q
y S1=2 S$>=2.619 S3=1.893
N=5 T,= 1:715 =1.11 T5=0.699
A=40% |¢=0 Zsr»=93.23Q |Z,.3= 64.80Q2
Z,=50Q |Z,=42.88Q|Z,,,=37.73CQ2 |Z,,3=29.85Q)
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3-3-2 Filter y:

The second experiment is a fifth-order filter with A =40%. Fig. 3.7 plots the filtered
roots with = 1.2566 radian. The end stages, with Z,.; = 92.88Q and Z,,; = 7.12Q, are
replaced with a tapped resonator with Z; = 42.88CQ). Fig. 3.15(a) plots the theoretical,
simulation and measured results. All of them show good agreement. The measured
midband insertion loss is 0.5dB. The BW of the measured response has about 1% less
than the theoretical calculation by (3.15). The required minimal gap of this filter is
0.22mm. If a coupled stage is used instead, the required line gap will be less than

0.01mm. Fig. 3.15(b) is the photograph of the experiment circuit.
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Fig. 3.15 (a) Theoretical, simulated and measured responses of filter 7. f,=5.8GHz, N=5, A =40%. (b)

Photograph of the fabricated circuit. Circuit dimensions: W, = 1.7mm, W,= 0.58mm, W;=1.2mm, G,=

0.22mm, G;= 0.22mm.
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Chapter 4

Direct Synthesis of Parallel-Coupled Line
Bandpass Filters with Chebyshev

Responses

Parallel-coupled line filters with Chebyshev responses are synthesized based on
derived insertion loss (/L) function method. The synthesis provides improvement in
prediction of circuit bandwidth. The /L function is obtained by converting the product
of the ABCD matrices of all coupled stages: Simultancous equations for Chebyshev
filters of order N < 5 are derived for calculating geometric parameters of the coupled
stages associated with specific in-band ripple-levels. The results are provided for filters
of order N < 5. Emphasis is also placed on the trade-off between fractional bandwidth
A and in-band ripple level. When N > 4, the passband response is specified by a
maximal ripple level. A filter with fractional bandwidths A = 50% and two filters with
A = 40% are fabricated and demonstrated by simulation using an EM full-wave
software package. Tapped line inputs are employed to these circuits since line widths
or gaps for certain stages are beyond the common fabrication resolution. The measured

results show very good agreement with the theoretical responses.
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4-1 The Chebyshev Insertion Loss Function

Let both the generator and load impedances of the synthesized circuit be
normalized with respect to system impedance Z, and identical to unity. The ABCD

matrix of the ith coupled stage in Fig. 3.2 can be written as

4, B sind|gs, Ll +qr@-s2)] 4.1
C. D| T 2 o
i D i |2 qS;

1

where j = 1, @is its electrical length, g = cot@, S; = (Zoei + Zooi)/ Zo, Ti = (Zoei — Zooi)/ Zo,
and Z,.; and Z,, are the characteristic impedances for the even- and odd-modes,
respectively, of the coupled lines. The. line width W; and gap G; are target variables to
be solved by the synthesis. Here, the even- and odd-mode phase velocities for all
coupled stages are assumed identical.

The composite 4ABCD matrix. of an Nth-order filter can be obtained by
successively performing N multiplications of the N + 1 ABCD matrices. As reported in
Chapter 3, each matrix entry is a finite power series of ¢ with coefficients that are
functions of S; and 7;. Since the circuit is symmetric, it can be shown that the /L

function can be written as

b _, (B-C 4.2)

where P, is power available from source and Py, is power delivered to load. The general

insertion loss function for a Chebyshev filter can be expressed as
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% 1+ [T, (T 43)

L

where 1+¢ is the ripple level and Ty (x) is the Chebyshev polynomial of order N of the
first kind. The object of (4.2) is to match (4.3) and hence to establish simultaneous

conditions for determining Z,.; and Z,,,.

4-1-1 Second-order Filters:
As an example, the insertion loss function of a second-order Chebyshev filter is
derived. When N = 2, the composite ABCD matrix involves two matrix multiplications.

From the circuit symmetry, S; = S3 and 77 = T5. It can be derived that

JB-C) s
2 2777, sin 0 (4.42)
-, + cos20@n Zi)* cos* O(—h, + h, — hy))

where

T4
h, = 2T, - 2; (4.4b)

22
hy=ST7(S, +8,)-2(S,+8,) -T*+ S‘TTZ + 2T} (4.4¢)

S? T} . ST}

hs =51T12(51+Sz)—71(51+52)2—j 5 (4.4d)

Substituting (4.4a) into (4.2), the insertion loss function can be written as
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1 2
= =l+| = X
P, 2T, " T,ksin 0 (4.52)
|- ki, + kx> cos® 6, (2h, — ) + kcos* O(—h, + hy — )|

where
cosé
x= (4.5b)
cosé,
o =Zas_) (4.50)
"2 20,

In (4.5¢), O, is the total O of the filter and @, is the electrical length of a coupled stage
at passband edges. A variable £ is purposely added in (4.5a), since it provides an extra
freedom in matching coefficients m (4:5a) with (4.3) and preserves the given
Chebyshev response at the same time. Note that x in"(4.5b) defines the mapping 8= 6,
tox=1.

Substituting T»(x) into (4.3), the insertion loss function can be written as

=1+ [T,X)] =1+ (2x* -1y (4.6)

2 o

Matching (4.5a) with (4.6) and enforcing kh; =1, kcos® 6, (2hy —hy)=2and hy = hy + hs.

It leads to the following three conditions:

S, =2 (4.7a)
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o1

2T} ——L=— 4.7b
I T T, (4.7b)

) 2
(S, + SIS T 28, +8,)]=——— 4.70)

kcos 0,
Inserting (4.7a) ~ (4.7¢) into (4.5a) yields
P 1 ’

o =4 ————— | [T, (0] 4.8
P, {2T12T2ksin<9} (0l 48)

The term [T,(x)]* will provide an equal; ripple response in the passband, and its
coefficient [27)°T»ksind]" not only defines the ripple level but also implies a
transmission zero at 2f, whete &=z Due to the-frequency variable 1/siné, the
uniformity of the ripple levels is deteriorated whenN > 4. This point will be addressed
in Section 4-2. Note that in (4.7a) ~ (4.7¢) there are five unknowns, i.e., &, S1, S», 71 and
T5, to be determined. By imposing the given ripple level to (4.8), the system has four
conditions. If in (4.5a) the variable k is not introduced, the system will be fully

determined.

4-1-2 Filters of Order N <'5:

For an Nth-order parallel-coupled line filter, the /L function can be derived in a
similar fashion. Note that it needs N+1 2x2 matrix products obtain the composite
ABCD matrix. When N is large, the expressions for the matrix entries can be long and

tedious. One can properly utilize the structural symmetry to reduce the times of matrix

48



multiplication. The simultaneous conditions for solving S; and 7; are established by
matching coefficients of the cos”@ term of the /L function with those of Chebyshev
polynomial, as shown above. We derive the /L functions for such filters of order N < 5.

The results are

2 2P
%:1{"0592'"5;(8‘;0 4 )} [T, (0 (4.9)
L 1
when N =1, and
P 1 ’
0 =14 T 2 4.10
P, {27}T2...TN+lksin0}[ vl (410

when N = 2 ~ 5. The simultaneous conditions fot-determining S; and 7; are listed in
Table 4.1 It is found that S; = 2-for-each N. Note that total number of S; and 7; for an
N-order filter is N+1 for odd ‘N and ' N+2-forreven N. The number of conditions,
including the specified ripple level, 1s less-than that of unknowns, when N > 4. In
addition, the variable k£ introduces an extra degree of freedom in the coefficient
matching. Thus, the total degrees of freedom for N < 5 are [N/2], where [N/2] is an
integer by truncating N/2. This under-determined feature is very helpful for circuit

realization. This will be addressed in Section 4-3.
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TABLE 4.1

THE CHEBYSHEV CONDITIONS FORN=1 ~5.

Chebyshev Conditions Degrec of
S, =2 0
S =2
217 -T2 =1/k 1
(S, +S,)[8,17 =28, +5,)]=-2/(kcos? 0,
S, =2
4T (S, +8,)~T7(S,T; + 8,1} ) =3}k cos 6;) 1
S,(S, + 88,17 =28, +$,)]==2/(k cos> &)
S, =2
2T -T'TY [2=1/k
DT2(S, +8,) +(S, + S, [AT2(S, + S, Y= ST T2 |- 5,12 + T2(S, +5,) 2+217 =8/(kcos’ 6, ) 2
(S, +8,)(S, +8,)°[S,77 —2(5, +5,)]= - 8/ cos@;)
S =2
T2T2[S, 17 —4(S, +8,)|+ T*T2(S, +8,) 48, T} =—5/kcos, ,

(S, 4SS, +S)AS, T~ TT2 +2T2 (S, +8,)1-S,T (S, +8,)~28,S, TP T | =20/ [k cos' 6,
S,(S,+8,)(S, +8,)[S, 77 ~2(S, +8,)]|=-8/(k cos’ 6, )
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4-2 The Ripple Level and Bandwidth

The 1/sin@term in (4.10) will alter the specified ripple level R to a certain extent.
When N < 3, a method for correcting R will be formulated. For N > 4, the 1/sinfterm

also deviates the uniformity of passband ripples slightly. A strategy for its

improvement will be investigated.

4-2-1 Ripple Level Specified by 6, :
Take the second-order filter as an example again. The passband ripple level can be

obtained by evaluating the /L function (4.8) at = 6,,, edges of the passband, i.e.,

2
1
R(dB)=10logi1+| ——— 4.11

It can be rewritten as

1
I'T, =

- (4.12)
2mm@%m—1

This is called the ripple level condition herein. Based on (4.7a) ~ (4.7¢c) and (4.12), the
variables S, S, 71, and T, can be solved. For example, if R = 3dB and fractional
bandwidth A = 50%, the solutions are S; =2, 77 = 0.83, .5, = 0.981 and 7> = 0.787 with
k=1.

The dashed curves denoted by 6, in Fig. 4.1 are the calculated Chebyshev
response (4.8) for a filter with center frequency f, = 5.8 GHz. Detailed passband in the

inserted frame shows that A is accurately obtained, but the ripple level is 0.3dB less
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than the specification. A further study shows that if a ripple level of 0.1dB is given, the

decrement is about 0.01dB.

4-2-2 Ripple level specified by 6y :
If a little BW decrement is acceptable, the decrement of R can be recovered. Let 8

= @, be the frequencies where peak ripples occur. Thus, the positions of €, can be found

by

d
pul

T, (x)]=0 (4.13)
When N =2, it leads to x = cos 8, /c0s8,, = 0 or §i= /2. Enforcing the specified ripple

level R at 6= 4, the ripple level condition (4.12) becomes

1
7T, = ———— (4.14)

| R
2kN10" —1

The solid curve in Fig. 4.1 shows the calculated Chebyshev responses based on
(4.14). Given R = 3dB and A = 50%, the calculated ripple level is exactly 3 dB as
expected. It is worth mentioning that the new solutions are S; = 2, 71 = 0.803, S, =
0.955 and T, = 0.777 for k= 1, and that the new response has A = 49.7%, a little bit
smaller than the specification.

When N = 3, there are two symmetric peak ripples locating on both sides of the

center frequency. Fig. 4.2(a) investigates the influence of 6; formulation on the
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calculated BWs for R = 0.5dB. Detailed data show that when A =30%, 40%, 50%, and
60%, the calculated BWs are 29.93%, 39.77%, 49.70% and 59.42%, respectively.
Further studies for designed bandwidth A = 50%, the &; formulation gives A =49.7%
for R varing from 0.1 to 3dB as shown in Fig. 4.2(b). Table 4.2 summarizes the results
of Fig. 4.2(a) and 4.2(b). The results imply that the BW decrement will be increased as
the designed BW increases, but it seems irrelative to the given ripple level. In addition,
when N < 5, it is found that the BW decrements are more or less the same for filters
with different orders.

When N =4 and 5, there are 3 and 4 symmetric peak ripples, respectively, locating
in the passband. Thus, both cases have two ripple levels deviating from the given
specification, again, due to the 1/sin@term in (4.10).

When N = 4, the three 1/8,)| peaks locate.at x = 0, £0.707 or 6; = w2,
icos'1(0.707><cos 6,), obtained by enforcing the first derivative of T4(x) to zero. If €, =
2, or f=f,, is chosen to locate theassigned ripple level, the other two peak levels will
exceed the specification slightly. On the other hand, if €, = icos'1(0.707xcos<9m) are
used, the central peak ripple will be slightly less than specification. This €; will be
preferred since the given ripple level defines the maximal in-band ripple level. Fig. 4.3
shows the detailed |S,;| responses of fourth-order filters based on the €, formulation for
A =50% and R = 0.1, 0.5, and 1 dB. When R = 1dB, the central peak ripple level is
0.93dB, only 0.07dB away from the design. When R is small, the ripple level

decrements seem to be negligible.
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Fig. 4.1 Calculated Chebyshev responses with ripple levels specified by §,and 6, N=2, R=3dB, A=
50%, f, = 5.8 GHz.
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Fig. 4.2 Calculated responses of third-order Chebyshev filters, with ripple levels specified by 6. (a)
With ripple level R = 0.5dB. (b) With designed bandwidth A =50% .
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TABLE 4.2

THE INFLUENCES OF USING 6, 0N RIPPLE LEVEL DESIGN OF THIRD-ORDER FILTERS

Given ripple level = 0.5dB

Given bandwidth (%) 30 | 40 | 50 | 60

Calculated bandwidth
with /L function (%)

Given bandwidth = 50%

29.93(39.77| 49.7 [59.42

Given ripple level (dB) [0.1 (05| 1 | 2 | 3

Calculated bandwidth

with L function (%) 49.7149.7|149.7(49.7| 49.7

0.0
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04
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Fig. 4.3 Detailed |S,,| performance within passband of fourth-order filters with ripple levels specified by
6. A=50%, R=0.1, 0.5 and 1dB.
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4-3 Three Examples

Three filters are synthesized and fabricated at f, = 5.8 GHz for demonstration. A
third-order filter 7 is designed with A = 50% and R = 0.5dB, a fourth-order filter & and
a fifth-order filter y are synthesized with A =40% and R = 0.1dB. The full-wave EM
software package IE3D [10] is used for circuit simulation. The ; formulation is used

for defining the maximal in-band ripple level.

4-3-1 Filter n(N =3,4=50%, R = 0.5dB):
When N = 3, four geometric variables have to be solved for two of four coupled

stages. With 6 = cos™(cos8,/2), the ripple level condition becomes

1

TT, = (4.15)

R

\/stin(cos_l(cosﬁm J2N10% —1

From (4.5c), we have 6,, = 1.1781 rad, and hence €, = 1.3783 rad. Based on the
three conditions listed in Table 4.1 and (4.15), possible roots for 77, .S, and 7> with
respect to k ranging from 0.3 to 2.0 are plotted in Fig. 4.4. Obviously, not all roots
shown in Fig. 4.4 are practical using the standard microstrip technology. Note that
geometry of coupled stage i will be determined by Z,.; = (S; + T;)xZ,/2 and Z,,; = (S; —
T)xZ,/2, with Z, being the system impedance. Suppose that the circuit substrate has &,
= 10.2 and thickness d = 1.27 mm. Our fabrication facilities require both G/d and W/d
no less than 0.1. When Z, =50 Q, solutions of Z,, and Z,, for the first and second stages
are plotted together with the design graph in Fig. 4.5, which is very useful for seeking

adequate roots from realization point of view. As & is increased, values of Z,,| increases
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while those of Z,.1, Z,.» and Z,,, decrease. As shown in Fig. 4.5, there is no possible
solution to the first stage. The tapped structure in Chapter 3 can be used to replace the
end stage with a 4/4 line with characteristic impedance Z; = (Z,. — Z,,)/2 and tap point
being at the outer open end. Fig. 4.6 investigates the performance of the equivalence.
Three coupled stages with (Z,., Z,,) = (86 QQ, 14 Q), (86.08 QQ, 13.92 Q) and (86.5 Q,
13.5 Q) for using in the three experimental filters are studied. All of them have a
maximal |S$>;| deviation less than 0.13dB within a BW of 50%.

With the tapped input/output, criterion for choosing the solution becomes to
release dimensions of middle stages and locate all difficulties to the end stages as much
as possible. Thus, the solution is then chosen as S; =2, 7= 1.44, S,=3.366 and 7=
1.531 with & = 0.3. The corresponding modal characteristic impedances for all stages
are listed in Table 4.3 with Z,.= 50 QuThe tapped resonator has Z; = 36 Q for
substituting the end stages with-Z,.;= 86 Q-and Z,,; = 14 Q.

Fig. 4.7(a) plots the theoretical, simulated and measured responses. The simulated
and measured results show good agreement with the theoretical response. The inserted
frame shows the three detailed |S>| curves within the passband. Detailed data show that
the fractional BWs of the simulated and measured results have only —0.5% and —1%,
respectively, away from the theoretical design. In measurement, in-band /L is 0.6 dB,
and ripple level is close to 0.6 dB. The 0.1 dB deviation causes a 6-dB decrement in the

|S11| response. Photograph of the fabricated circuit is in Fig. 4.7(b).
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Fig. 4.7 (a) Theoretical, simulated and measured responses of filter 7. (b) Photograph of the fabricated
circuit. f, = 5.8GHz, N =3, A = 50%, R = 0.5dB. Circuit dimensions: ;= 2mm, W,= 0.286mm, G,=
0.206mm. Substrate: & = 10.2, thickness = 1.27 mm.
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TABLE 4.3

THE CHOSEN ROOTS AND MODAL IMPEDANCES OF THE THREE EXPERIMENTAL FILTERS

WITH TAPPED INPUTS

Filters 1% stage 2" stage 3" stage
n S1=2 S,=13.366
N=3 T:,=1.44 7,=1.531 Same as the 2nd
A=50% /=0 Lowp=A22430 stage
Z,=50Q |Z,=36Q Zova = 435.87Q
g S1=2 S>,=2.803 S5=2.991
N=4 T,=1.443 5=1.181 T:=1.154
A=40% |/=0 Z0x=99.63Q)0 |Z,.3=103.63Q2
Z,=50Q |Z;=36.08Q  +|Zysn=40:53Q2 |Z,,3=45.93Q2
/4 S1:2 52:3.03 S3:3.972
N=5 T,=1.46 T,=1.284 T5=1.388
A=40% |/=0 Zoer=107.85Q0 |Z,e3=133.99Q2
Z,=50Q |Z,=36.5Q Zoon=43.65Q  |Z,3=64.61Q
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4-3-2 Filter £ (N =4, 4 =40%, R = 0.1dB):
When N = 4, six variables have to be determined. Let 6; = cos™ (0.707xcos6,,),

then the ripple level condition can be derived as

72T, = 1

(4.16)

R

2k sin(cos ™ (0.707 xcos &,)) 1010 —1

Two free dimensions exist for this design. One is from that six variables are specified
by (4.16) and the four Chebyshev conditions in Table 4.1 and the other from k. Since A
= 40%, 6, = 1.2566 rad. We can take k£ and 7; as sweep variables to solve the
simultaneous equations. The possible solutions. for S, 7>, S3 and 73 with respect to 7}
are shown in Fig. 4.8(a) ~ 4.8(cywith &i=2, 1 and 0.5, respectively. Observe that the
values of S5 and T3 drop off with 7, while.S; increases oppositely. The value of 7, only
varies with k. For each T, Z,../Z, 1s average of the two curves of S; and 7}, and Z,,,/Z, is
half the distance between them. For implementation, the larger value of S; and larger
distance between S; and 7; are preferred. Since there are different tendencies for second
and third stages, compromises must be made in choosing roots. Fig. 4.9 plots the root
loci for Z,, and Z,. of the second and third stages when Z, = 50 Q and £=0.5, 1, and 2.
The root loci indicate that most of solutions fall into the fan area of G/d > 0.1 and W/d
> 0.1. We choose a solution with £ = 1 for demonstration. Each end stage with Z,.; =
86.08 Q and Z,,; = 13.92 Q is replaced by a tapped section with Z; = 36.08 Q. As
shown in Fig. 4.10(a), the simulated and measured results match very well with the
theoretical prediction. Detailed data show that both simulated and measured responses

have BWs of 39.1% and 39.3%, respectively. The circuit photograph is in Fig. 4.10(b).
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Fig. 4.10 (a) Theoretical, simulated and measured responses of filter &. f, = 5.8GHz, N=4, A=40%, R =

0.1dB. (b) Photograph of the fabricated circuit. Circuit dimensions: W)= 2mm, W, = 0.49mm, W; =
0.4Imm G,=0.23mm, G;=0.31mm.
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4-3-3 Filter w (N=5,4 =40%,R = 0.1dB):
The third experiment is a fifth-order filter with A = 40% and R = 0.1dB. From

d/dx(Ts(x)) = 0, we have ;= cos(0.809xcos8,,). The ripple level condition is

4.17
I'T,T; = ! ( )

R
\/Zk sin(cos ' (0.809 x cos 8, ))V1010 —1

Fig. 4.11 plots the filtered roots with 6, = 1.2566 radian, R = 0.1dB and k£ = 0.5. Fig.
4.12(a) plots theoretical, simulation and measured results. The end stages, with Z,.; =
86.5 Q and Z,,; = 13.5 Q, are replaced by tapped A/4 sections with Z; = 36.5Q. All of
them show good agreement. The measufed insertion loss is 0.7dB. The measured BW
is about 1.9% less than the theoréetical-calculation by (4.10). Fig. 4.12(b) is the

photograph of the experiment circuit.
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Fig. 4.12 (a) Theoretical, simulated and measured responses of filter . f, = 5.8GHz, N=35, A =40%, R

= 0.1dB. (b) Photograph of the fabricated circuit. Circuit dimensions: W;=1.97mm, W,= 0.4mm, ;=
0.16mm, G,= 0.25mm, G;= 0.39mm.
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Chapter 5

Conclusion

For recovering the BW decrement, new formulas for determining Z,. and Z,, of
each coupled stage have been derived in Chapter 2 for synthesizing relatively
wideband filters. A third- and a fifth-order Chebyshev filters with 50% designed
bandwidth are fabricated and measured. The measurements show that the proposed
formulas not only provide a significant improvement in predicting the filter bandwidth,
but also preserve the quality of passband responses.

As presented in Chapter 2, the realized BWs can be greatly improved, but the BW
decrement is still not completely=resolvedsinsChapter 3, parallel coupled-line filters
with maximally flat responses of order N < 6-are syntheésized based on derived insertion
loss functions. Simultaneous equations for“maximally flat responses and the QOr
condition are formulated for determining 'Z,. and Z,, of each coupled stage. The
under-determined conditions leave several degrees of freedom in choosing the circuit
dimensions. By properly utilizing these degrees of freedom, the problem resulted from
the tight coupled-line dimensions can be resolved by gathering all difficulties to the
end stages and employing tapped input/output to replace the end stages. Five circuits
are simulated and three of them are fabricated and measured to demonstrate the
formulation and circuit synthesis. The measured results manifest very accurate
bandwidths.

The formulation in Chapter 3, however, is limited to maximally flat responses.
Chebyshev filters can have more applications than those of the maximally flat type.
From Chapter 4, parallel-coupled line filters with Chebyshev responses are directly
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synthesized for order N < 5 based on derived insertion loss functions. Simultaneous
equations for Chebyshev responses and the ripple level condition are formulated for
determining Z,. and Z,, of each coupled stage. The ripple level condition can be
modified to recover the error of ripple level resulted from the 1/siné term in the
canonical Chebyshev expression. When N > 4, the in-band peak ripple levels of the
synthesized filters have a slight deviation from design. The deviation is negligible
when the design ripple level is small. Three circuits are fabricated and measured to
validate the formulation. The proposed method provides a significant improvement in

predicting the filter BW and preserve quality of Chebyshev responses.
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