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(a} (b)

Fig. 2.

(d)

Differem microsirip-le-slotline  transiuons, (Solid line: microsirip line. Dashed line: slotline.) (a} Soldered

microsirip short and uniform A /4 slotline. {b) Virlual short with uniform A /4 open microsirip and vniform A /3 slotline
(¢) Soldered mucrostrip shon and siothne open circuil through nonuniform circular slotline. (d) Virlual short with
nonuniform circular microsinp and slothine open circuit through nonuniform circular slotline.
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Fig 3, The novel microstrip-to-slotline transilion: (4) configuralion:

{b) equivaleni circuit.

which grves typical values only. Even with these uncertain-
lies, the unalysis did predict the performance of the transi-
tions and filters, Better agreement between theory and ex-
perimeni could be achieved with more accurate information
and analvsis,

These new filters offer low passband insertion loss and
high stopband isolation. The theoretical and experimental
results agree well. These filters are amenable o monolithic
implementation. The circuit configurations should have many
applications in microwave and millimeter-wave systems,

H. MIcROSTRIP-TO-SLOTLINE TRANSITION

Low-loss. wide-band microstrip-to-slotline transitions have
been reported in the literature, Schuppert [13] reviews the
different transitions shown in Fig. 2, These transitions offer
good performance and are widely used for circuit design,
Owing to the requirements of device biasing, we developed a
new microstrip-to-slotline transition which incorporates a dc
block and a slotline low-pass filter for an RF choke.

Fig. 3(a) shows the microstrip-to-slotline transition circuit.
The circuit consists of two microstrip-to-slotline transitions,
two slotline low-pass filters, and two dc blocks for device
biasing. Fig. 3db) shows the equivalent circuit for the transi-
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tion. €, and C,, represent the open circuil capacitance for
microstrip und slotline, respectivelv. The Iransmission line
characteristic impedance of microstrip and slotline are de-
fined hy Z,,, and Z,,, respectively. Z,,, is equal to 50 Q
while Z, is equal 1o 60 {2, respeciively. Z, and Z,, are the
low and high impedance values used in the slotline low-pass
filter design, respectively. The transformer ratio. N, is re-
ported by [14] 10 be

Vi)
N= —»-V— (1)
"
where
V(;,)=..f”:2 E.(h)dy (2)
_ /: .

where £ is the thickness of the substrate, /2 is the length
of the microstrip feed to the slothine. ¥, is the voltage across
the siot, and E,(A) is the electric field of 1he siotline on the

dielectric surface on the opposite side. From Cohn's analvsis
(15].

v, D 27U
E_‘(h)=—---(cos( h)—cm(q“)sin( h)) (3)
b n , An L
where
(4)
(5)
(6)

where A, is the guided wavelength of the slailine.

A computer program based on the equivalent circuit of
Fig. 3b) was developed and used to unalvze and optimize
the transition's performance. The lengths of the microstrip
open stubs (L), edach section of the slotline low-pass filter
(L,.Ly, Ly Ly Ls) and interconnecting slotlines (L,) were
optimized at fixed characteristic impedance values for the
required reflection (§,) and insertion (5,,) characteristics.
The program was optimized for maximum insertion loss {S5,)
of —0.5 dB with a minimum return loss (S,,) of —20 dB
throughout the 2.0 to 4.0 GHz range. Closed-form equations
for microstrip {16), [17] and slotline [18) transmission lines
were used to analyze the circuit parameters. The transitions
were fabricated on a S0-mil-thick RF-Duroid 6010.5 sub-
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Fig. 4. Theoretical and experimental inserion loss of the 1ransition.

strale and the S parameters were tested using standard SMA
connectors with an HP-8510 network analyzer. Table I lists
the optimized circuit dimensions and Fig. 4 shows the theo-
retical and experimenial insertion loss of the transitions,
respectively. The experimental insertion foss of two transi-
tions is less than 1.0 dB in the 2.0 10 4.0 GHz frequency
range. This loss performance is considered very good since it
includes two coaxial-to-microstrip transitions, two microstrip-
w-slotline transitions, and a 26 mm length of slottine. Over-
all, 1he theoreticat and experimental results agree well, This
circuit was used to test the CPW —slotline filters.

IIl. Tue CPW-SLOTLINE BanD-Pass FILTERS

Fig. 1 shows a cross-sectional view of the CPW transmis-
sion line. CPW allows the easy integration of series and
shunt devices on a planar iransmission line. Previous CPW
band-pass filters [1] used end-coupled resonators. Although
these circuits show good performance, device mounting and
biasing are difficult to incorporate. This section describes the
use of CPW resonators coupled via slotlines to create a new
CPW-slotline band-pass filter.

The most basic design element of a band-pass filter is the
resonator. Resonators can be designed with a combination of
open and short terminations. Because of the ease of device
integration, our filter uses CPW resonators with an open and
a shorted end interconnected via slottine. Fig. 5 shows the
novel CPW-slotline band-pass filter configuration and its
equivalent circuit. The microstrip-to-siotline transition is used
to test the filter. The insertion loss through a pair of transi-
tions is about 1.0 dB across the 2.0 t0 4.0 GHz range, as
described in Section II.

55

(a)

Ls%h bt

""_‘:'.'i \}J

l.-.*?h_ h'\}q.
Com ";‘/ z{ N Cim
"7 // \\ o

L f e L 1
Lus . - N it *F
: J," . - -\L :
%l /}' i gl o b 1:%
Ly A o
Ly — g Ly = by
(b}

Fig. 5. The novel CPW-slolline band-pass filter: (a) configursnion:
{b) equivalent circuil.

TABLE 11
Opmimizen Line LENGTHS OF CPW=SLOTUNE Banp-Pass FILTER
SHown In FiG. §
Z2y=250,2,=600Q,2,,=500,2,=600.2Z =501
Variable Lo L.s L.y L., L, L.,

mm 18.70 16.23 18.26 17.06 300 [R1NC

From the equivalent circuit, a computer model using cas-
cading transmission lines was developed. The model ac-
counts for all open and short termination effects. The mode!
optimized the CPW resonators and interconnecting slotline
lengths to achieve at least 30.0 dB insertion loss in the
stopbands {2.0-2.5; 3.3-4.0 GHz) and less than 0.2 dB in the
passband (2.75-3.05 GHz). The closed-form equations for
CPW in [18] were used 10 analyze the circuit paramelers.
The characteristic impedances of the CPW resonators and
interconnecting slotlines are 50 {1 and 60 (1, respectively. To
minimize optimization variables and form a symmetrical con-
figuration, the lengths of the first and third resonators are
equal to each other. The optimization variables L ;. L ..
L. L.y, L.yand L_, are shown in Fig. 5 and the optimized
dimensions are given in Tablz II,

The filter and transitions were fabricated on a 50-mil-thick
RT-Duroid 6010.5 substrate and the § parameters were
measured using standard SMA connectors with an HP-8510
network analyzer. Fig. 6 shows the theoretical and experi-
mental insertion loss of the filter with the transitions. respec-
tively. [n the passband, the theoretical insertion loss (includ-
ing transition loss) is around 0.7 dB at a center frequency of
2.9 GHz. The experimental results of the CPW-slotline filter
with two microstrip-to-slotline transitions show a center fre-
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Fig 6. Theoretical and experimenlal insertion loss of the povel

CPW =slothne band-pass filter.

quency of 2.9 GHz with an insertion loss of less than 1.2 dB.
The aciual loss due 10 filter excluding the transition loss is
only 0.2 dB. The stopband isolation is greater than 30.0 dB
except for a microstrip feedline stub resonance from the
transition at 2.1 GHz. The feedline resonance is due to the
guaner-wavelength stub (L, in Fig. 3(a)) resonaiing at 2.}
GHz. The effect could be eliminated by using a 3A stub. The
stub resonance was verified using the HP-3510 time-
domain functions. The filter was isolated to show thal the
spike at 2.1 GHz was not due 10 the filter. The theoretical
madel generally predicts the experimental performance. The
design cun be casily modified fun different frequencies and
passband characteristics.

IV, pere~ Dione Switcnaste CPW Scotuse
Banp-Pass FitTers

Switchable band-pass filters have manyv applications in
microwave svsiems. Martin er al. [19] integrated p-i-n diodes
into a ring resonator to form a switchable ring resonator,
This section describes the imegration of p-i-n diodes into the
planar CPW -slotline filter to create a swiichable microwave
fitter. The p-i-n diodes are mounted over the open end of
the CPW resonators. Fig. 7 shows the circuit configuration
and equivalent circuit of the three-seciion. three-diode
switchable filter. The p-i-n diode has 1he equivalent circuit
shown in Fig. 8. R, is the forward-biased series resistance of
the diode while R, is the reversed-biased series resistance.
C. represents the junction capacitance and L, and C, repre-
sen! the package parasitics. L, accounts for the inductance
of the bonding wire to the semiconductor material in the
diode. The p-i-n diodes used are M/A COM 47047's with
L,=20nH C,=01pF, L,=02nH, and C, =03 pF at
=30 V and R, =13 @t at 100 mA. Although R, is not
quoted. similar reversed-biased devices show a resistance of
2 (). These values were used in the computer model analysis
and opnmizalion.

In the design procedure, while the p-i-n diodes are re-
versed-tuased (oFr state), the lengths of the resonalors and
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Fig. 7. The p-irn diode switchable CPW-siolline band-pass filter
{a) configuration; {b} equivaleni ctrcuil.
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Fig. 8. The equivatent aircuit of a pi-n dionde.

TABLE 11
Oetivizend LesGTHS OF te THREE-SECTION. THREL =P-1'>~ DioDe
Switcuapte CPW-Siormixe Baxn-Pass FuTer
Snows s Fig. 7
Zy=2450.Z, =60}, 2, , =500 2 ,=600.2 =501
Variable Lo L.~ L. L., L, L.~

[ [

mm 19.99 15,45 19.93 12,19 38 9.23

imierconnecting lines are optimized 1o provide low insertion
loss in the passbanc and high rejection in the stopbands. The
p-i-n diodes are then forward-biased (0w~ state) to determine
if the circuit meets the isolation specification across the
whole band. The circuit was optimized for minimum inser-
tion loss in the passband when the p-i-n diodes are
reversed-biased and maximum isolation when the p-i-n diodes
are forward-biased.

Table 111 shows 1he circuit dimensions for the switchable
filter. The switchable filer was fabricated on a 50-mil-thick
RT-Duroid 6010.5 substrate and the 5§ parameters were
tested using standard SMA connectors with an HP-8510
network analyzer. Fig. 9 shows 1he theoretical and experi-
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mental results of the switchable filter. From the theoretical
results. the center frequency is 3.0 GHz with an insertion
loss (including the transition loss) of 1.0 dB when the p-i-n
diodes are orr. When the p-i-n diodes are onw, the isolation
is at least 30.0 dB across the 2.0 to 4.0 GHz range. The
experimental results indicated an insertion loss of 1.7 dB in
the passband and over 25.0 dB isolation except for a spike at
2.1 GHz. The reasons for the spike are explained in Section
[11. This loss includes the 1.0 dB loss caused by the mwo
transitions: therefore, the actual filter loss is only 0.7 dB,

This planar integrated circuit can be easily assembled at
very low cost. The good switching performance has many
system applications. Because of the planar nature, this cir-
cuit is amenable to monolithic implementation.

V. Varactor-TunaBLE CPW-SLOTLINE
Banp-Pass FILTERS

Electronically tunable microwave filters have many appli-
cations in a wide range of microwave systems which require
broad tuning ranges and fast tuning speed. Although YIG-
tuned filters offer very wide tuning ranges, they are limited
in tuning speed. Varactors can provide wide tuning ranges
with high tuning speed for frequency agile systems. Hunter
and Rhodes [20] have developed varactor-tunable combline
filters. while Makimoto and Sagawa [2]1] have developed
varactor-tunable microstrip ring filters. This section de-
scribes the integration of three varactors with the CPW-
slotline filter 10 create a varactor-tunable band-pass filter.
The varactors are mounted over the open end of the CPW
resonator in the same manner as the p-i-n diodes of the
switchable filter. Fig. 10 shows a photograph of the
varactor-tunable CPW-=slotline filter. The circuit configura-
tion and equivalent circuit are the same as in Fig. 7, except
that the p-i-n diodes are replaced by varactor diodes, The
varactor equivalent circuit used in the circuit model is shown
in Fig. 11. R, is the series resistance of the diode while C,
represents the package capacitance. L, accounts for the
inductance of the bonding wire to the package. The junction
capacilance, CJ(V), varies as a function of bias voltage from
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Fig. 10. A pholograph of Lhe varactor-lunable CPW-slotline band-pass
filter.
— r—e
11
N |
Cp
Fig. 11.  The equivalenl circuil of a varactor diode,

0 to 30 V. The varactor diodes used are from M/A COM
{model 46600) with L, =0.2 nH, C,=025 pF, and R, =
8 (Y. C, varies from 0.5 to 2.5 pF. These approximate values
were used to optimize the circuit parameters in the model.
The junction capacitance used in the circuit optimization was
1.0 pF. The center frequency for the design optimization was
set at 3.0 GHz with a + 200 MHz bandwidth. The circuit
maodel optimized the passband to less than 1.5 dB insertion
loss with more than 30.0 dB isolation in the stopbands.

Table IV shows the optimized circuit dimensions for the
varactor-tunable filter. The varactor-tunable filter was fabri-
cated on a 30-mil-thick RT-Duroid 6010.5 substrate. Parts
(a) and (h) of Fig. 12 show the theoretical and experimemal
results of the varactor-tunable filter. The frequency tuning
range agrees well but there is a discrepancy in the hand-
width. The theoretical bandwidth increases at the lower end
while the experiment shows an increase at the higher end.
This discrepancy could be due to the simplified model used
in the analysis. The model does not account for discontinu-
ities of the CPW to slotline junctions, the variation of the @
factor of the varactor as a function of voltage, and the
variation of the device parasitics.

A tuning bandwidth of 60{0 MHz was achieved for varactor
bias voltages of 0 10 25 V. The maximum insertion toss of
2.15 dB (excluding the 1.0 dB transition loss) occurs at the
low-end frequency of 2.7 GHz and decreases to 0.7 dB at the
high-end frequency of 3.3 GHz. The passband varies from
250 MHz in the low end 10 450 MHz in the high end.
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TABLE 1V
OpT1MIZED LENGTHS OF THE VARACTOR-TunaBLe CPW-S10TLINE
Banp-Pass FILTER SuowN 1IN Fi6, 7 WITH p-1-n
Dioves Reriacep BY VARACTOR DIioODES
Zy=2450.2, =600, 2 =500, Z, =600, Z =500

Variahle /0 L., L. L Ly L,

mm 19.57 B.84 19.99 8.59 3.20 9.03

Unequal passbands have been reported before for other
types of varactor-tuned filters [21].

V1. ConcLUsIONS

Novel CPW=slotline band-pass filters and microstrip-to-
slotline transitions have been developed. Two transitions
incorporating dc blocks and lhree-section slotline low-pass
filters were designed o achieve 1.0 dB insertion loss over the
2.0 to 4.0 GHz range. A novel band-pass filter was developed
using three coplanar waveguide resonators cascaded hy slot-
lines. The filters were made switchable and tunable by incor-
porating the p-i-n and varactor diodes in the resonators,
respectively, Wide-band switching and tuning were achieved
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with low inscruon loss in the passhand and high isolation in
the stophands,

A simple CAD model and a computer program have been
developed to optimize lhe vanous parameters for the re-
quired filter design. These circuits offer many advantages,
among them low cost, low loss, high isolation, and ease of
series and shunt device integration. The filters have many
applications in various microwave systems. The circuits are
amenable to monolithic circuit integration and can be scaled
to the millimeter-wave frequency range.
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