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The Design of Microstrip Six-Pole Quasi-Elliptic
Filter with Linear Phase Response Using
Extracted-Pole Technique
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Abstract—The development of microstrip filters has been in
great demand due to the rapid growth of wireless communica-
tion systems in this decade. Quasi-elliptic response filters are
very popular in communication systems because of their high

selectivity, which is introduced by a pair of transmission zeros. A I_r— 1 |
1]
L
i

number of ways of implementing the quasi-elliptic response filter
on microstrip have been studied over the last two decades, i.e.,
the cascaded quadruplet filter, canonical filter, and extracted-pole
filter. However, there is very little information in the literature
giving the design details for microstrip extracted-pole filters.
In this paper, design equations of the extracted-pole filter for
microstrip are reviewed. A new class of microstrip filter is also
presented here. This class of filter will have a quasi-elliptic A
function response and at the same time linear phase in the pass- 1
band. The linear phase of the filter is introduced by an in-phase

@

cross coupling, while the transmission zero is realized using an ()
extracted-pole technique. Experimental results, together with a
. ) A . o 1] o
theoretical comparison between the group delay of this design, and L 2 5 0
the conventional quasi-elliptic six-pole filter are also presented. —|" Qer —=
Index Terms—Author, please supply index terms. E-mail key- I Qe Qe

words@ieee.org for information. L—:I I'-j ! 34 é

I. INTRODUCTION © —_ . outafphase

cross coupling

HE rapid growth of wireless and mobile communica- e— inphase

. . . . . cross couplin,

tions in this decade has catalyzed an increasing demauiu T
for a _hl_gh-perfo_rmance microstrip bandpass fllte_r with hlgF—‘ig. 1. Coupling structure and microstrip implementations for: (a) canonical
selectivity and linear phase or flat group delay in the passter, (b) cascaded quadruplet filter, and (c) extracted-pole filter.
band. High-selectivity bandpass filters have been successfully

achieved by introducing additional out-of-phase cross cou- - . .
y 9 P glways difficult to arrange the resonators in order to achieve

plings in the filter structure—namgly, the canonicallfilter oth in-phase and out-of-phase cross couplings. For CQ filters
[.l ] and cascgde quadruplgt (CQ) filters [Z]Z Convent|ona!l th high selectivity and linear phase can be'achieved. CQ’
!\?t:\inga\zz I; gﬁgﬁ:g[oarcge%eed obgt au:eélfetcr:l:rl;;);]%e aeg:?illlﬁﬁ?ers have more flexibility compared to the canonical filter

P P %e{acause the transmission zero pair at the imaginary axis (real
r

Jokela [1] has shown that by using the canonical filter structu {équency) is contralled by an out-of-phase cross coupling and

both high selectivity and linear phase is achievable wnhoae real axis (imaginary frequency) is controlled by an in-phase

an external equalizer. However, there are some disadvantages N :
ss-coupling independently. However, to achieve both real

attached to the canonical structure. The cross couplings, b . A . . .-
and imaginary frequency transmission zero pairs, a minimum

in-phase and out-of-phase, contribute to the transmission zeros . . )
both at real and imaginary axes. Therefore, canonical filteﬁgeer'ghth order is required due to the arrangement of the CQ

are very difficult to tune, which is potentially difficult for . . . .
narrow-band bandpass filters. In Jokela’s design, as show ir{n this paper, a new way to achieve both high selectivity and
' j gar phase in the passband for microstrip filters is proposed.

Fig. 1 hr fr nator logi r r . . )
g- 1(a), three types of resonator topologies are used to rea e structure allows for a sixth-order minimum. This new struc-

the required cross coupling. For a single topology filter, it i - . .
d piing 9 pology ure originated fromI'Eqy;;-mode waveguide filters [3]. The
_ . transmission zero pair at the imaginary axis is extracted from the
Manuscript received August 24, 1999. _ , __transfer function and realized separately with a pair of bandstop
The authors are with the School of Electronic and Electrical Engmeerlnﬁ . .
Iters and phase shifters connected to the end of the main cou-
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the group delay, is achieved by an in-phase cross coupling. Tht
the real and imaginary zero pairs are independently tuned. Tt L e+
has made the structure very attractive for practical design. Th cBN—B.c.
design can be achieved even for resonator topology, which ci \
only realize single type of coupling. The microstrip (or stripline) !
layout of the canonical, CQ, and extracted-pole filters are show
in Fig. 1, together with the coupling configuration diagrams.
The extracted pole for microstrip was introduced by Hedge

and Humphreys [4] by using microstrip hairpin topology. They B.o,

demonstrated that the extracted-pole technique developed ComC.,
Rhodes [3] can be transferred to microstrip using a four-pol Bys=-Bues
bandpass filter. However, there was little information on how g”’i _C”’

IS
b
5
4

to obtain the parameters for the microstrip design from the

extracted-pole synthesis. This paper will extend Rhodesg. 2. Low-pass block diagram of an extracted-pole quasi-elliptic response
extracted-pole technique to microstrip by working through ditfer with linear phase.

example of a six-pole quasi-elliptic response filter. A new set of

equations for determining the extern@Hactor and coupling jqyariant admittances and the capacitances, respectively. This

coefficients are reviewed. These equations will depend @Ry pass prototype can be transformed into a bandpass filter by
the bandpass parameters instead of the low-pass parame[gri%,g the following transformation equations [6]:
which are usually used in most filter designs. A circuit model

for the microstrip extracted-pole filter will also be reviewed.

The comparison between the theoretical quasi-elliptic function Crpm = 1 <CLPm Bme> 1)
response and the approximated circuit model will be discussed. Wo A 2

A six-pole microstrip bandpass filter has been successfully I . 1 @
designed and made in copper microstrip with duroid substrate Blm = Crpm  BrLpm
(e» = 10.8) with the assistance of circuit model simulation Wo <T B T)

and full-wave electromagnetic (EM) simulation [5]. The design
consideration and experimental results will be presented. Th
results of the six-pole microstrip filter, together with its grou
delay response, will also be presented.

ﬁerewo is the center frequency anX is the fractional band-
idth of the bandpass filter. The frequency invariant admittance
Bpp is absorbed into the capacitance and inductance in the
transformation because it cannot be realized in a real circuit.
Thus, the resonator is detuned from the center frequehcy
A brief summary of the extracted-pole synthesis will be outrom (1) and (2), it is obvious that all the resonators are res-
lined here. A detailed analysis of the extracted-pole synthesisating at different frequencies. Therefore, this type of filter is
can be foundin [3]. The synthesis starts from the low-pass quasdt a synchronously tuned filter.
elliptic transfer function. The extracted-pole synthesis can only The circuit shown in Fig. 2 is not easily realized using mi-
be performed on a complex conjugate symmetrical networkostrip because of the series resonator in the extracted section.
Therefore, it will only work on an even-order transfer functiofrig. 3(b) shows a small modification of the extracted section of
with a fourth-order minimum. the filter [see Fig. 3(a)] so that it can be easily realized using a
The initial cycles of the extracted-pole synthesis involve exnicrostrip resonator (for this case, it is a square-loop resonator
tracting a unity impedance phase shifter from both ends of tfg), as shown in Fig. 3(c). This modification is verified by com-
network with complex conjugate symmetry. The next cycle {garing the frequency responses of the two circuits, as shown in
to extract a complementary pair of the complex axis transmisig. 4. These responses are obtained using the Hewlett-Packard
sion zeros (real frequency zeros) from each side of the passbadtanced Design System (ADS) circuit model simulator [7].
by extracting a shunt resonator from both ends of the remainiiigis has shown that the modification gives a very good approx-
network. This process will be repeated until all complex zerdasation.
are extracted from the transfer function. The remaining networkThe full-circuit model for the microstrip extracted-pole filter

Il. EXTRACTED-POLE SYNTHESIS

can then be extracted using a cascade synthesis. is shown in Fig. 5. The admittance inverters are realized using a
m-network of capacitors. To convert the circuit model of Fig. 5
1. MICROSTRIPREALIZATION into microstrip, the coupling between the resonator and feed

Aft torming th 400l hesi ¢ line (the externad)-factor) and the coupling between resonators
erper ormlngt e extracted-pole synthesis, a set of para oupling coefficient) have to be determined. A new set of the
eters will be obtained that corresponds to the low-pass pro

o= . ternal@-factor equations, i.eQex: ., and the coupling co-
type, as shown in Fig. 2. Thg square blocks W'th_ symbals efficients M,,, m+1, is derived for the microstrip extracted-pole
and —i; represent phase shifters with phase shiftygfand filter and is gyiven as
(180° —14), respectively, and the block with symbolg,,” and
“1” are J,,, admittance inverters and unity admittance inverters,
respectively. The symbolB;,,, andCy, p,,, are the frequency Qext,m = Qextn—m = WmCpprm, m=1,2 (3)
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Fig. 3. Extracted section of the filter. (a) Original extracted section. (b) Modified extracted section to a realizable circuit model. (c) Ecjubvaiéor microstrip
layout using a square-loop resonator.
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Fig.4. Plotof$21| of the modified extracted section compared to the originatig 5. Fyll-circuit model for the bandpass extracted-pole microstrip filter.

circuit.
for determining externap-factors and the coupling coefficients
M — M _ a/LBPmlBrmi do not include the frequency invariant admittances, which are
m,m+1 n—m,n—m-1 ’ . .
CBrmCBrm+1 introduced by the extracted-pole synthesis.

m =210 (ﬁ—1) (4)
2 IV. EXAMPLE ON SIX-POLE QUASI-ELLIPTIC FUNCTION

M —J. 4 LppmLBrm+1 _n 5 As an example, a six-pole quasi-elliptic function filter with
m,m+4+1l —Ym ’ m = ( ) ..
CermCBrm41 2 a passband return loss of 20 dB, a real frequency transmission
I I zero pair ap = £51.414, and an imaginary frequency trans-
Myt s = Iy i Z2LmoALImA2 m= mission zero pair i = +0.953076 will be used. This example
’ CBPrn—ICBPrn-l—Q

(6) will not be repeated here since it was thoroughly explained in
[3]. Here, only the results from the extracted synthesis will be

wheren = the number of polesy,, = 2 f.n, and f,, is duoted and shown in Table I. _
the resonance frequency of theth resonator. Conventionally,  1he Six-pole bandpass filter example has the following spec-
the low-pass parameters [8] are used to determine the extefAgRtions:

Q-factors and the coupling coefficients. However, the bandpass® center frequency: 1842 MHz;
parameters are used here because the extracted-pole filter is not fractional bandwidth: 4.07%.

is taken from Rhodes’ paper [3]. The extracted-pole synthesis

a synchronously tuned filter. If the low-pass parameters wefée capacitance, inductance, and resonant frequency for each
used, the extern&)-factors and coupling coefficients would notof the resonators can be determined by applying transformation

be perfectly accurate. This is because the conventional equatiegsations (1) and (2), and are shown in Table II.
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Fig. 6. Theoretical responses together with the circuit model simulation
results.
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Fig. 7. (a) Circuit model simulation responses for six-pole quasi-elliptic

response filter for lossless and with unloadgaf about 250. (b) Comparison
between the group delay for conventional quasi-elliptic and self-equalized

quasi-elliptic function filter.

a very good approximation of the six-pole quasi-elliptic func-

The coupling coefficients and the exterr@ifactors of this tion. However, there are some errors in the passband ripples in
bandpass filter can be determined from (3)—(5) and their valu&e¢ circuit model. This can be accounted for by the frequency
variant admittance inverters used in the circuit model, whereas
the theoretical admittance inverters from the extracted-pole syn-
thesis are frequency invariant. The frequency variant admittance
inverters are used in the circuit model because they give a better
approximation of the real microstrip coupling structures.

Loss can be added to the circuit model to simulate the con-
ductor loss of the real filter by adding parallel resistances to the
parallelLC resonators. Fig. 7(a) shows the responses of a cir-
cuit model with added losses of unload@efactor of 250 and
the ideal case. When the loss is added, the passband insertion

A circuit model simulation is performed using an ADS simuloss will increase to about 3 dB. To illustrate the linear phase
lator [7] with the parameters determined above. Fig. 6 shows tlesponse of this filter, a comparison is made between a conven-
simulation results and the theoretical response of the sixth-ordienal six-pole quasi-elliptic filter (without in-phase cross cou-
quasi-elliptic function. This shows that the circuit model givepling) and this example. It is clearly shown in Fig. 7(b) that by
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Spacing, s / mm . .
»* Electric Coupling is defined as positive and When the spacing between the resonators is very far apart, the

Magnetic Coupling is defined as negative. electric fields between the resonators are negligible. Therefore,
the coupling appears to be purely magnetic.
To model the type-Il mixed coupling, a circuit diagram, as

] ) ) ] shown in Fig. 9, is used. Due to the arrangement of the coupling
introducing an in-phase cross coupling, the group delay can§g,ctyre, the flow of currents in the two resonators is changed

fla}ttened signifi_cantly. By_intr.od.ucing the in-phase cross CO\¢pmpared to the type-I mixed coupling [2]. This will cause the
pling, type-II mixed coupling is introduced. mutual inductances,,, in the circuit model to change from pos-
itive to negative and vice versa. The mutual capacitaidégs
V. TYPE-Il MIXED COUPLING remain the same because they are independence of current. By

The type-Il mixed coupling was first discussed by Haetg inserting a short circuit (electric wall) and open circuit (mag-
al. [9] for a microstrip hairpin structure. This type of couplingh€tic wall) along thel” — 7”-plane, the resonant frequency of
is not continuously decreasing with coupling distance, but i€ of the circuit can be determined as [2]
creasing until one particular point then starts decreasing. Here,

Fig. 8. Plot of type-Il mixed coupling of a square open-loop resonator.

there are actually two types of coupling existing in the type-II 1

mixed coupling. Fig. 8 shows a plot of the coupling coefficients, fe= 27 /(C — Co) (L + Lm) )
which are obtained from full EM [5] simulation, against the cou- 1 "

pling distance for the microstrip square-loop resonators. The fm= . (8)
type-Il mixed coupling is also the superposition of the electric 2m \/(C +Cm) (L = L)

and magnetic couplings, as in the type-l mixed coupling [2].
However, the magnetic coupling of the type-Il mixed coupling The coupling coefficient of the type-Il mixed coupling can be
is out-of-phase with respect to the electric coupling. This is ietermined using the following:
contract to the type-l mixed coupling where the magnetic cou-
pling is in-phase with respect to the electric coupling. Therefore,
the electric and magnetic couplings in type-I mixed coupling en- bt = Z5—75 = .
hance each other, whereas the electric and magnetic couplings fe+rfn CL—Culy
of the type-1l mixed coupling cancel out each other.

When the resonators are placed very close to each other, Asguming thatC,,,L,, < CL, which is usually the case, (9)
electric coupling dominates. The electric couplings are vetan be simplified to
strong, but decay very rapidly. At one particular spacing, i.e.,
about 0.9 mm for this case, there is no coupling between the
two resonators. This is because the electric coupling is equal kminIT =2
to the magnetic coupling. In Fig. 8, marked “Section II,” the
coupling increases with increasing coupling distance, which is
not expected in most coupling structures. This happens becawberek g is the electric coupling and,, is the magnetic cou-
the net coupling has changed from electric to magnetic, apling. The negative sign in (10) indicates that the magnetic cou-
also because the magnetic couplings decay at a slower naliag is out-of-phase with respect to the electric coupling. Using
compared to the electric coupling. Therefore, the net magong’s model [2] for the electric coupling. and magnetic
netic coupling appears to be increasing (more negative). Temuplingk,,, of the square-loop resonators, it is shown that the
couplings will increase until one particular point and statype-ll mixed coupling model fits reasonably well when the
decreasing again, as shown in Fig. 8, marked “Section llispacing between the coupling resonators is greater than 0.3 mm,

fe2,_ 2 _ CrnL_CLrn

m

)

Crn < L m
+ —

G (-5) ket ch a0



326 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 2, FEBRUARY 2001

M25:S25 0 T
-« Y, —» ﬂ V. /-————;[‘—‘
RF in ) s 1 | f » RF out !
Quiit, gl |8 10 1 N Rk
Oour't M,;:s,, l ‘f\/[ A4 ‘ }
£ fo] e 8 i RS EN
& [ Sas N 20 e yawa
f A P £ I (,\\// E\\\\{ Kj/ Vi
! M,:s,, s E .30 - - Q\,U
] 1 il
& | oo
@ II I L
72 40 ‘—————t—"———-l——f—— ‘p,,, b
“ — |S21| Lossless
| —_ &
50 L - ; 15211Q, =250 |
| || —— IS11| Lossless
! || ——- I811]Q,~250
-60 |‘ f T T
1.750 1.775 1.800 1.825 1.850 1.875 1.900 1.925 1.950
Frequency / GHz
(@
k 40 ] T i i i
| ! | | :

: o 35 +——— L S -t
Fig. 10 (a) Microstrip circuit layout of an extracted-pole bandpas: | I I !
quasi-elliptic response filter with linear phase with square-loop resonators. (40 T | b
Photograph of the fabricated filter. \T ‘\\ i i I -Ir

g 25 +————}-- l o —t——— 1
TABLE Il Y ! \ / !
R e e e S =74 o e
Exlermial Q-Ficloe | Citmi i Spaces =] I ’ : I l
o P IR E 1t —_—r—_t— ]
I = .55 pai | gy = iy =02 i (5 15 T Tﬁ r T
L = L& mam ' iy T 10 ———- 1:----{% ———F——t-ft——— ‘i’ —————
E A L | | ,
| b= &M@ g | I ___J Conventional [ IR
L 5 = ‘F‘ H — - Self Bqualise '/F \T:\ |
0 i I I l i I
as shown in Fig. 8. The best fit obtained when the ratio betwet 1.750 1.775 1.800 1.825 1.850 1.875 1.900 1.925 1.950
the electric coupling and the magnetic coupling are 0.6-0.4, i.¢ Frequency / GHz
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Fig. 11. (a) Experimental results fdi511| and |S21|. (b) Comparison
between the experimental and theoretical group delay.

VI. EXPERIMENTAL FILTER

The layout of the six-pole microstrip filter using square-loo
topology is shown in Fig. 10(a). A photograph of the fabri
cated filter is shown in Fig. 10(b). Herg; and (180° — ;)
are the electrical length of the microstrip transmission line
The spacing between the resonators is determined using
EM [5] simulation. The physical dimensions for the coupllngBa
and externaly-factors corresponding to Fig. 10(a) are shown in
Table 111

This filter is fabricated using copper microstrip on an RT/Du-
riod substrate with relative dielectric constantof 10.8 and  We have presented the design procedure for the ex-
thickness of 1.27 mm. The linewidth of the microstrip is 1.1 mrtracted-pole technique for microstrip filter. A circuit model of
throughout. The measured performance of the fabricated rttie microstrip extracted pole is also presented. This model has
crostrip filter, which is obtained using the HP8720 network arshown close correlation with the theory. This model makes the
alyzer, is shown in Fig. 11(a). Some tuning is performed itesign of microstrip extracted-pole technique for quasi-elliptic
this measured result to obtain the best response. The tuninfuisction filter more straightforward. To demonstrate the validity
achieved by placing small dielectric materials at the appropriai€ the circuit model, a six-pole quasi-elliptic microstrip filter
position to change the resonant frequencies of each reson&i@s been designed, fabricated, and tested. The measurement
accordingly. Tuning is essential because of the unavoidable falreuit model, together with the theoretical response, has been
rication errors. The midband insertion loss is measured at abputsented. We have also shown that by introducing an in-phase
3.3 dB, which is mainly contributed by the conductor loss afross coupling in the microstrip extracted-pole filter, a linear

bhe copper. Two attenuation poles at the rolloff frequency near
the passband, which improve selectivity, are achieved. The mea-
sured group delays are shown in Fig. 11(b). The group delay of

experimental results is slightly lower compared to the pre-
ted circuit model because there are slight increases in the
ndwidth of the fabricated filter.

VIl. CONCLUSION
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