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o. 

(a) (b) (0 (d) 

Fig. 2. Different microstrip-to-slotline iransilions. (Solid line: microstnp line. Dashed line: slotline.) (a) Soldered 
microstrip short and uniform A /4 slotline. (b) Virtual short with uniform A /4 open microstnp and uniform A /4 slotline 
(c) Soldered microstrip short and slotline open circuit through nonuniform circular slotline. (d) Virtual short with 
nonuniform circular microstrip and slotline open circuit through nonuniform circular slotline. 
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Fig   '■>.    The novel microstrip-to-slotline transition: (a) configuration: 
(b> equivalent circuit. 

which gives typical values only. Even with these uncertain- 
ties, the analysis did predict the performance of the transi- 
tions and filters. Better agreement between theory and ex- 
periment could be achieved with more accurate information 
and analysis. 

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

II. 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. 3(b) shows the equivalent circuit for the transi- 

tion. Clim and CM represent the open circuit capacitance for 
microstrip and slotline, respectively. The transmission line 
characteristic impedance of microstrip and slotline are de- 
fined by Z,„0 and Zs0, respectively. Z„l(, is equal to 50 H 
while Zi{) is equal to 60 Ü, respectively. Z, and ZH 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] to be 

N = 

where 

rb/2 
V(h) = - f '- Ev(h)dy 

'-ft/2 

(1) 

(2) 

where h is the thickness of the substrate, b/2 is the length 
of the microstrip feed to the slotline. V{) is the voltage across 
the slot, and Ey(h) is the electric field of the slotline on the 
dielectric surface on the opposite side. From Conn's analvsis 
[15], 

Vn 
£»C0 = --r lcos. b \ A, 

2-U 
h\ -cot(q,,)sin 

2TTU 

where 

2~U 1 I 
»Vd = h + arctan I — 

l/ = le.-P 

V = - 1 

(3) 

(4) 

(5) 

(6) 

where AfJ is the guided wavelength of the slotline. 
A computer program based on the equivalent circuit of 

Fig. 3(b) was developed and used to analyze and optimize 
the transitions performance. The lengths of the microstrip 
open stubs (Lm), each section of the slotline low-pass filter 
(Lt,L2,L7l,L4,L!) and interconnecting slotlines (L0) were 
optimized at fixed characteristic impedance values for the 
required reflection (5,,) and insertion (52l) characteristics. 
The program was optimized for maximum insertion loss (S21) 
of -0.5 dB with a minimum return loss (Su) 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 50-mil-thick RT-Duroid 6010.5 sub- 
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TABLE I 
Oi'iiMi/i.n  LIM.ins (it TRANSMISSION   LIM S OI- 

Mil ROSTKII'-I'O-Sl.OII.INI. 

TKANSIIIOS SHOWN IN Fie;. 3(a) 
ZH = 245 il. Z, - M) Ü. Z„„, = 50 Ü. Zrt, = 6() Ü 

Variable L» /-, /.: '-.« ^4 ^ *-m 

mm 26.70 4.W 0.90 I).7h 2.53 15.90 9.70 

REF   0.0    dB 
X 2.0    dB/ 
V     -0.992 7   dB 

j9   MAG 

MARKER    1 
3.0    GHz • T h c o r ) 

• Experimen1 

-     0   >- 

10 
2-0 3.0 Freq-GHi ■» 0 

Fig. 4.    Theoretical and experimental insertion loss of the transition. 
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Fig. 5.    The novel CPW-slotline band-pass filter: (a) configuration: 
(b) equivalent circuit. 

strate and the 5 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 experimental insertion loss of the transitions, 
respectively. The experimental insertion loss of two transi- 
tions is less than 1.0 dB in the 2.0 to 4.0 GHz frequency 
range. This loss performance is considered very good since it 
includes two coaxial-to-microstrip transitions, two microstrip- 
to-slotline transitions, and a 26 mm length of slotline. Over- 
all, the theoretical and experimental results agree well. This 
circuit was used to test the CPW-slotline filters. 

III. THE 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 transmission 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 slotline. Fig. 5 shows the 
novel CPW-slotline band-pass filter configuration and its 
equivalent circuit. The microstrip-to-slotline 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 to 4.0 GHz range, as 
described in Section II. 
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TABLE II 
OPTIMIZED LINE LENGTHS OF CPW-SLOTLINE BAND-PASS FILTER 

SHOWN IN FIG. 5 
zH = 245 n. zL = 60 n, zm0 = 50 a. zi0 - 60 n. z, = 50 n 

Variable Lex ^2 Lci Lc> *.<! L,: 

mm 18.70 16.23 18.2A 17.00 3.00 1U.35 

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 model 
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 to analyze the circuit parameters. 
The characteristic impedances of the CPW resonators and 
interconnecting slotlines are 50 ft and 60 il. 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 LiX. L,:. 
Lcl, Lc2, Lc3 and LcA are shown in Fig. 5 and the optimized 
dimensions are given in Table II. 

The filter and transitions were fabricated on a 50-mil-thick 
RT-Duroid 6010.5 substrate and the S 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. In 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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lie h.    Theoretical   and   experimental   insertion   loss   of   the   novel 
CPW-slotline band-pass filter. 

quency of 2.9 GHz with an insertion loss of less than 1.2 dB. 
The actual loss due to 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 
quarter-wavelength stub (Lm in Fig. 3(a)) resonating at 2.1 
GHz. The effect could be eliminated by using a \\ stub. The 
stub resonance was verified using the HP-8510 time- 
domain functions. The filter was isolated to show that the 
spike at 2.1 GHz was not due to the filter. The theoretical 
model generally predicts the experimental performance. The 
design can be easily modified to» different frequencies and 
passband characteristics. 

IV. P-i-N DIODE SWITC HABLF CPW SLOTLINE 

BAND-PASS FILTERS 

Switchabie band-pass filters have many applications in 
microwave systems. Martin et al. [19] integrated p-i-n diodes 
into a ring resonator to form a switchabie ring resonator. 
This section describes the integration of ^-i-n diodes into the 
planar CPW-slotline filter to create a switchabie microwave 
filter. 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-section, three-diode 
switchabie filter. The p-i-n diode has the equivalent circuit 
shown in Fig. 8. Rf is the forward-biased series resistance of 
the diode while Rr is the reversed-biased series resistance. 
C, represents the junction capacitance and Lp and Cp repre- 
sent 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 
Lp = 2.0 nH. Cp = 0.1 pF, L, - 0.2 nH, and C, - 0.3 pF at 
-50 V and Rf« 1.3 H at 100 mA. Although Rr is not 
quoted, similar reversed-biased devices show a resistance of 
2 Cl. These values were used in the computer model analysis 
and optimization. 

In the design procedure, while the p-i-n diodes are re- 
versed-biased (OFF- state), the lengths of the resonators and 
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The   p-i-n   diode   switchabie   CPW-slotline   band-pass filter 
(a) configuration: (b) equivalent circuit. 

Fig. S.    The equivalent circuit of a p-i-n diode 

TABLE 111 
OPTIMIZED LENGTHS OI- IHE THREE-SECTION. THREE -P-I-N DIODE 

SWITCHABLE CPW-SLOTUM  BAND-PASS FILTER 
SHOWN I\ FIG. 7 

ZH = 245 i\. ZL = 60 Jl. Z„„, = 50 Q. Z,n = 60 0. Z, = 50 11 

Variable /->-. LtZ L,y KA Lit *-.: 
mm 19.99 15.45 14.93 12.19 3.18 9.23 

interconnecting lines are optimized to provide low insertion 
loss in the passbano and high rejection in the stopbands. The 
p-i-n diodes are then forward-biased (ON 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 III shows the circuit dimensions for the switchabie 
filter. The switchabie filter 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 the theoretical and experi- 
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Fig. 9.    The iheoreticai and experimental results of the p-i-n diode 
switchable band-pass filter. 

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 OEF. When the p-i-n diodes are ON, 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 
III. This loss includes the 1.0 dB loss caused by the two 
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 

BAND-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-tunablc combline 
filters, while Makimoto and Sagawa [21] have developed 
varactor-tunable microstrip ring filters. This section de- 
scribes the integration of three varactors with the CPW- 
slotline filter to 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. Rt is the series resistance of the diode while C 
represents the package capacitance. Ls accounts for the 
inductance of the bonding wire to the package. The junction 
capacitance, Cj(V), varies as a function of bias voltage from 

Fig.  10.    A photograph of ihc varactor-tunable CPW-slotline band-pass 
filter. 

Rs      Cj(V)      LS 

Fig. 11.    The equivalent circuit of a varactor diode. 

0 to 30 V. The varactor diodes used are from M/A COM 
(model 46600) with Ls = 0.2 nH, Cp = 0.25 pF. and Rs = 
8 Ü. Cj 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 
model 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 50-mil-thick RT-Duroid 6010.5 substrate. Parts 
(a) and (b) of Fig. 12 show the theoretical and experimental 
results of the varactor-tunable filter. The frequency tuning 
range agrees well but there is a discrepancy in the band- 
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 Q 
factor of the varactor as a function of voltage, and the 
variation of the device parasitics. 

A tuning bandwidth of 600 MHz was achieved for varactor 
bias voltages of 0 to 25 V. The maximum insertion loss of 
2.15 dB (excluding the 1.0 dB transition loss) occurs at the 
low-end frequency of 2.7 GHz and decreases lo 0.7 dB at the 
high-end frequency of 3.3 GHz. The passband varies from 
250 MHz in the low end to 450 MHz in the high end. 
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Fig.  12.    The varactor-tunable CPW-slotline band-pass filter: (a) theo- 
retical insertion loss: (b) experimental insertion loss. 

TABLE IV 
OPTIMIZED LENGTHS OF THE VARACTOR-TUNABLE   CPW-SI.OTLINE 

BAND-PASS FILTER SHOWN IN FIG. 7 WITH P-I-N 
DIODES REPLACED BY VARACTOR  DIODES 

ZH - 245 Q, ZL = 60 n. Zm0 = 50 ft, Z((1 = 60 ft, Z. = 50 ft 

Variable tri LC2 tc3 Lei i-ji L,2 

mm 19.57 8.84 19.99 8.59 3.20 9.03 

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

VI. CONCLUSIONS 

Novel CPW-slotline band-pass filters and microstrip-to- 
slotline transitions have been developed. Two transitions 
incorporating dc blocks and three-section slotline low-pass 
filters were designed to 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 by 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 

with low insertion loss in the passband and high isolation in 
the stopbands. 

A simple CAD model and a computer program have been 
developed to optimize the various 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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