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.&tract —This paper describes the fundamental characteristics of newly

developed miniaturized hairpin resonators having parallel coupled lines and

shows their applications to bandpass filters and receiver front-end MIC’S.

A method for cafcrdating filter coupfing parameters using a general-pur-

pose microwave circuit simulator is afso presented.

The bandpass filters using newly developed hairpin resonators have a

suitable structure for microwave integrated circuits (MIC’S), and the size

of the experimental bandpass filters has been reduced to one half that of

conventional hairpin resonators without increasing insertion losses.

Triaf receiver front-end MIC’S using these filters have also been devel-

oped and have shown good characteristics, for example, low noise and a

high image suppression ratio. They are considered to be applicable to a

higher frequency range above the L-band.

I. INTRODUCTION

T HE INCREASING demand for mobile radio commu-

nication has caused a lack of frequency resources

lower than 1 GHz. The time to fully utilize the L-band is

now ripe. This technological trend requires the develop-

ment of compact, low-loss resonators as fundamental ele-

ments of circuits in the L-band.

Microstrip half-wavelength open-ring resonators [1], [2],

have attractive features above the X-band, and hairpin-

shaped half-wavelength resonators [3] have been put to

practical use, because their structure is adequate for com-

pact bandpass filters. However, the size of these resonators

is too large to design a filter in the Lband.

To make these resonators smaller in the UHF band, the

authors previously proposed microstrip line split-ring res-

onators (MSRS) [4], [6], which are composed of a trans-

mission line and a lumped element capacitor, suitable for

MIC’S. Dielectric split-ring resonators (DSRS) [5] were

also developed to realize resonators that are more compact

and have lower loss.

We have recently devised new hairpin-shaped split-ring

resonators with parallel coupled lines to replace the lumped

element capacitor. They can also be applied to a much

higher frequency range than previously described MSRS

and DSRS. The filters incorporating these resonators are

less than half the size of those with conventional hairpin

resonators. These filters have the advantage that frequency
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Fig. 1. Some structural variations of the hairpin resonator. (a) Conven-
tional hairpin resonator. (b) Miniaturized hairpin resonator. (c) Mhia-
turized hairpin resonator having coupled lines.

adjustment can be easily achievecl by trimming the length

of the parallel coupled lines.

This paper describes the resonance properties of newly

developed compact hairpin-shaped split-ring resonators, a

design method for bandpass filters using these resonators,

and their application to receiver front-end MIC’S in the

L-band.

First, some structural variations of split-ring resonal.ors

are summarized and fundamental characteristics such as

resonance properties are analytically derived. Secondl, a

method for calculating filter coupling parameters using a

general-purpose microwave circuit simulator is discussed,

and three design charts which are required in designing

bandpass filters are prepared. Third, to verify this filter

synthesis method, an experimental bandpass filter is de-

signed and fabricated. The experimental performance data

are shown to be in close agreemen~t with the design results.

Finally, an experimental -L-band mixer using a diplexer

composed of tlnese filters is constructed, and the results

make it clear tb at it has good electrical performance as a

receiver front end.

II. RESONANCE PI{OPERTIES

A. Resonator Structure

Some structures of microstrip line hairpin resonators are
shown in Fig. 1. Fig. l(a) shows a conventional hairpin

resonator, but it is too large to realize bandpass filters

below the L-band.
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Fig. 2. Electrical parameters of the compact hairpin resonator.

To reduce the size of conventional hairpin resonators,

we previously introduced the split-ring resonator. It is

composed of a transmission line and a capacitor which

connects at both ends of the line. It should be noted that

this resonator structure has no RF short-circuited points,

which often generate parasitic components. Fig. l(b) shows

a hairpin-shaped split-ring resonator. lt is desirable to

choose a hairpin-shaped structure in designing compact

multistage filters which have a parallel coupled section for

interstage coupling.

Fig. l(c) shows a newly developed hairpin-shaped split-

ring resonator, which has an improved structure compared

with the one in Fig. l(b); parallel coupled lines with an

open-circuited end have been adopted in place of the

lumped element capacitor. This structure can also be ap-

plied to a much higher frequency range than that men-

tioned above using the lumped element capacitor, and this

configuration is suitable for MIC’S because it can be made

using a photo etching process.

The advantages of this type of resonator include

1) small size, with no Q-value degradation,

2) expansion of the applicable frequency range,

3) easy adjustment of resonance frequency.

B. Resonance Conditions

The resonance conditions of split-ring resonators can be

obtained using the ABCD matrices, which express a trans-

mission line and a capacitor, respectively. The resonance

condition of the structure shown in Fig. l(b) is the same as

that of the previously proposed split-ring resonator with a

lumped element capacitor [4], [6]. The resonator shown in
Fig. l(c) is considered here. It can be analyzed using the

following parameters, as also shown in Fig. 2.

z, characteristic impedance of the single line,

e, electrical length of the single line,

z Zpope~ even- and odd-mode impedance of the paral-

lel coupled lines,

8P=> epo even- and odd-mode electrical length of the

parallel coupled lines.

Using these parameters, the ABCD matrix for parallel

coupled lines with an open end [7] and a transmission line

can be expressed as shown in Fig. 3.
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——

~~ (
Zpe cot 8pe +ZPO cot Opo _ j2Zpe Zpo cot Ope cot Qpo
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Fig. 3. Parallel coupled lines, a transmission line, and their A BCD
matrices.
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Fig. 4. Calculated results of a resonance frequency.

The resonance condition can be calculated from the

input admittance using the total ABCD matrix. The re-

sults are as follows:

( ZpeZpOcot dp,cot OPO– Z:) sintl,

+ Z,(zpecot 6P, + ZPocot Opo)Cos d.

– Z,( Zpecot dpe – Zpocot (lPo) = o. (la)

When 8P== tlPO= 6P, (la) is simplified to

( ZP,ZpOcot 8P– Z: tan OP)sin~,

+ .Z, (ZP, + 2P. ) Cos e,

– -%( -ZPe– Zpo )=0. (lb)

Even- and odd-mode phase velocities are dependent upon

properties of the substrate and line structure. Therefore,

we introduced (lb) to analyze the resonance characteristics

in the following discussion.

Fig. 4 shows one of the calculated relationships between

the fundamental resonance frequency and the electrical

length of the parallel coupled lines, where Z,= 50L3, 8,=

100°, Zp, = 97.6fd, Zpo = Z;/Zp, = 29.5!d.

These results clearly indicate that fine frequency tuning

can be easily achieved by adjusting the length of the

parallel coupled lines during the manufacturing process.

C. Equivalent Circuits at Resonance Points

The resonance conditions expressed above are general

descriptions derived from the input admittance of the

resonator. However, their relationship is too complicated
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distribution at resonance. Therefore, two equivalent cir- !1
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cuits must exist, as shown in Fig. 5. These resonators are -

found to be stepped impedance resonators (SIRS) [8], and OJl @ (Wll)

their resonance conditions are as follows: m

odd mode: tan (r3,/2). tan/3, = KO = ZPO/Z, (2a)

even mode: tan(/3,/2). tan6P = Ke = ZPe/Z,. (2b)

The fundamental resonance frequency occurs in the odd

mode, and the next higher resonance frequency (the lowest

spurious frequency) in the even mode. In this way, higher

mode resonance frequencies alternate between odd and

even.

The method discussed in the previous section is indis-

pensable in a detailed analysis of the resonators. However,

the equivalent circuits mentioned above are enough to

facilitate analysis of the resonance frequencies of the fun-

damental and the higher mode. Then, the calculated results

obtained by solving (2a) agree well with the results shown

in Fig. 4.

III. FILTER DESIGN PARAMETERS

A. Theoretical Background of Simulations

To design bandpass filters, it is necessary to obtain

coupling parameters such as the external Q (Q,) and the

interstage coupling factor k. Let us consider a method for

calculating the above-mentioned coupling parameters us-

ing generalized inverter and resonator circuits.

First, we discuss the theoretical background and a

method for obtaining the unloaded Q (Qo) and the exter-

nal Q (Q,) simultaneously. Fig. 6(a) shows an equivalent

circuit of an input and output coupling circuit, where Jo

and Y(o) represent the generalized admittance inverter

parameter and the admittance for the resonator, respec-

tively.

Y(CJ)=Go+jB(o)

= Go+ jbo((J/uo– (Jo/(J) (3)

(b)

Fig. 6. An equivalent circuit and a frequency response of an input and
output coupling circuit.

where

Go conductance of the resonator,

b. slope parameter of the rescmator,

U. resonance angular frequency.

The elements of the ABCD matrix for Fig. 6(a) can be

expressed as

A= D=–1

B = – Go/J~ – jbo(~/&to – Uo/ti )/J~

C=o. (4)

Then, by calculating the insertion loss known as trans-

ducer loss (defined by the ratio of the power available

from the source to the power absorbed by the load [9]), we

can obtain

L(a)=;
{( )

Q, 2
2+ -— + Qj(ti/ao - COo/oJ)2

Qo }
(5)

where

Qe = bo/ZOJ$ Q.= be/GO.

The frequency response of (5) is shown, in Fig. 6(b), where

til is the angular frequency of 3 dB down points. The

insertion losses at ~ = ~jo and u = al represent L ( Uo) and

L( al) respectively:

(6)()1 Qe 2
L(ao)=Lo=l+&+– -—

Q. 4 Q.

()

Qel Qe21
L(til) =2 LO=1+-—+– — +ZQe2”fl~ (7)

Q. 4 Q.
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Fig. 8. Filter design parameters: unloaded Q(Qo).
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Fig. 7. An equivalent circuit and a frequency response of a resonator
pair.

where

From (6) and (7) the unloaded Q (Qo) and the external Q

(Qe) are expressed as a function of the angular frequencies

UO and al and their insertion losses:

Equation (8) indicates that the external Q (Qe) and the

unloaded Q (Q.) can be calculated from the frequency

responses obtained by a general-purpose microwave circuit

simulator.

Next, we consider the interstage coupling factor k [6].
Fig. 7(a) illustrates a generalized equivalent circuit of a

resonator pair. The interstage coupling factor k can be

derived by procedures similar to those mentioned above.
Insertion loss L(u) is expressed as follows:

Otap(deg)

Fig. 9. Filter design parameters: external Q (Q,).

The relationship between the admittance slope parame-

ter b. and the interstage coupling factor k is expressed by

Jlz = bo. k. (11)

Then

‘=1(%92+(+++)2’12)
The circuit simulation can take large values for Q= and Q.

independently (for example about 104 ), which is different

from the experimental method. Therefore, we have k as

shown in (13) with an error less than 1 percent in the

region of k > 10–2:

Equations (12) and (13) also indicate that it is possible

to calculate the interstage coupling factor k when the

frequency response, as shown in Fig. 7(b), is obtained by a

circuit simulation.

B(@)4-2{J& (Go+ J:zo)’}B(@)’+ {J; +( Go+ J:zo)’)2
L(u) = (9)

4J; J;Z;

There are two maximum values for L(U) if J12 > Go+ J$ZO
as shown in Fig. 7(b). Let their angular frequencies be 01 B. Filter Design Charts

and 02. Then we have the following equation: The calculated results of coupling parameters indispens-

Q’ — al
able in designing filters are shown in Figs. 8 to 10. These

; J;–(GO+J;ZO)2 ..— (10) parameters can be calculated on the basis of the above
00 0 discussion. In this example, the unloaded Q was calculated



SAGAWA et a[.: MINIATURIZED HAIRPIN RESONATOR FILTERS
1995

0.10

p

lfgnI
ec

0.08

8.2=31.9 (1.5GHZ)

0.06
ZOe.Zrm=2500

0.04

0.02

o.oo~
50 55 60 65 70 7

Zoe (ohm)

Fig. 10. Filter design parameters: interstage coupling factor k

Fig. 11. Photograph of the experimental filter. Upper pattern: conven-

tional hairpin resonator filter. Lower pattern: newly developed hairpin
resonator filter.

where the substrate has a dielectric constant E, =10.5, a

thickness h =1.27 mm, a copper resistivity p = 1.673 p!il. cm

and a loss tangent tan 8 = 0.002, as shown in Fig. 8. The

round dot in Fig. 8 indicates the measured results where

Q.= 155, about 10 percent less than that of a conventional
hairpin resonator. Input and output coupling, expressed as

external Q (Q,), is achieved by tapping where 0s = 100°

(1.5 GHz) and Z,= 50 L?, as shown in Fig. 9; interstage

coupling between resonators is achieved by parallel line

coupling where (3C= 31.9° (1.5 GHz) and 2... ZOO= 2500,

as shown in Fig. 10. In the process of calculating external

Q (Q.), the length of the parallel coupled lines (6P) were
adjusted to keep the resonance frequency the same by

using the optimization function of a simulator.

IV. APPLICATIONS

On the basis of the above results, bandpass filters and

receiver front-end MIC’S were developed.

A. Bandpass Filters

Fig., 11 shows the MIC layouts of two experimental

filters designed with the same electrical specifications, such

as center frequency, bandwidth, and attenuation. One (the

upper pattern) is a conventional hairpin resonator filter;

the other (the lower pattern) is a newly developed minia-

turized hairpin resonator filter. The lower fiber has a size

less than half that of the upper one.
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Fig. 12. Characteristics of the experimental filter.

Fig. 13. A photograph of the experimental mixer.

The filter design parameters for the miniaturized hair-

pin-shaped split-ring resonator are as follows (~= 1.5

GHz):

resonator parameters: Z,= 50 i?, 0,= 100°, 2P, = 97.6

!2, ZPO= 29.5 !J, 6P= 26°

filter parameters: tapping position: f3,,P= 13.8°

interstate coupling: .

20= = 57.2 i-l, zoo= 43.7 Q Oc‘=

31.9°.

The filter was fabricated with a substrate similar to that

indicated in Fig. 8. The spacing between the resonators for

interstage coupling becomes narrow because the length of

the parallel coupling lines is considerably less than 90”,

which is typical of conventional hairpin resonator filters.

Fig. 12 shows the measured and the calculated response

of the newly developed three-stage bandpass filter (BPF).

These frequency responses agree well with the computer

simulation results.

The unloaded Q(QO) of the newly developed hairpin

resonator is 10 percent less than that of a conventional

one, as mentioned before; nevertheless the passband inser-

tion loss is less tlhan 3.5 dB, approximately the same as

that for conventional ha”irpin BPF’s. Thus, it can be COIIL-

cluded that miniaturization of the resonator slightly influe-

nces the passband insertion loss.

B. Receiver Front End

Fig. 13 shows the experimental transistor mixer, which

uses a diplexer composed of receiver and local oscillator

BPF’s. This mixer was developed for receiver front ends in

mobile communication equipment, which must be com-
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Fig. 14. Characteristics of the experimental mixer.

pact, inexpensive, and have low power consumption. This

&ixer utilizes a silicon bipolar transistor and is-fabricated

on a printed circuit board, the same as that of the experi-

mental BPF.

Fig. 14 shows ihe measured data of this mixer. These

data show that the conversion gain is 12.6 dB and NF is

7.4 dB when local oscillator power is O dBm. This mixer

also has good image suppression characteristics (more than

41.5 dB) and low power consumption (12 mW). The net

NF value of this mixer after subtracting the receiver BPF

losses should be about 3.5 dB, which approximately corre-

sponds to the amplifier NF value using the same transis-

tor.

This mixer configuration is also applicable to the higher

frequency range above the L-band.

V. CONCLUSIONS

A miniaturized hairpin-shaped split-ring resonator with

parallel coupled lines was developed and its resonance

properties were analytically derived.

A method for calculating coupling parameters using a

general-purpose microwave simulator was demonstrated,

and one set of design charts was prepared for designing a

trial bandpass filter.

The experimental bandpass filter showed excellent per-

formance, as seen in its compact size and low insertion

losses, and its frequency responses indicated close coinci-

dence with the design results. The trial receiver front end

using these filters also showed good characteristics, among

them low noise and high image suppression ratio. These

results made it clear that both bandpass filters using newly

developed compact split-ring resonators and receiver front
ends incorporating them have many advantages for appli-

cation to mobile radio equipment.
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