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Figure 6 Transmission performance in dB of different filter configura-
tions (IE3D). Conventional design without pin-pad resonators or coupling
pad (dashed line); adding pin-pad resonators (dash-dotted line); coupling
pad and pin-pad resonators (solid line)

Finally, we employ the coupling pad (see also Fig. 5) to create
two more transmission zeros (solid lines in Figs. 6 and 7). The first
transmission zero (Tz:1) is due to the parallel resonance that is
formed by two components: (i) the electromagnetically coupled
signal created between the resonators and (ii) the signal through
the coupling pad. The second transmission zero (Tz:2) is due to the
possible resonance through the fringe capacitance and inductance
of the coupling pad with resonators and the ground plane. The
dimensions of the various sections of the filter with coupling pad
and pin-pad resonators are as follows: ¢, = 7.5, h = s + [ = 0.5
mm, W = 0.6 mm; resonators: length = 40 mm, spacing between
the resonators = 1 mm, input/output line location = 4.5 mm from
short-circuit end; pin-pad resonator 1: x = y = 7.25 mm, [ =
0.375 mm, d = 0.1 mm; pin-pad resonator 2: x = y = 8.6 mm,
[ = 0.375 mm, d = 0.1 mm; coupling pad: length (along
resonators) = 4 mm, width = 3 mm.
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Figure 7 Reflection performance in dB of different filter configurations
(IE3D). Conventional design without pin-pad resonators or coupling pad
(dashed line); adding pin-pad resonators (dash-dotted line); coupling pad
and pin-pad resonators (solid line)

Note that the results presented in Figures 6 and 7 have been
obtained using IE3D® and, therefore, include all electromagnetic
effects.

4. CONCLUSION

The equivalent-circuit model for grounded pin-pad resonators of-
fers an attractive solution for the creation of transmission zeros in
LTCC filter components. The determination of the resonance fre-
quency or, alternatively, the pin-pad design for a given frequency
is simple and straightforward. The process has been validated
through an LTCC filter design, which was shown to achieve a
transmission zero per pin-pad resonator. Hence, this design can be
used to suppress a second passband. An additional coupling pad
can be used to create additional transmission zeros closer to the
passband. Both the equivalent-circuit model and the LTCC filter
designs were verified through computations using the commer-
cially available field solver IE3D®.
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ABSTRACT: We describe a simple PIN-diode-controlled variable at-
tenuator that employs a 0-dB branch-line directional coupler, and
present a method to reduce the size using slow-wave microstrip lines. At
the center frequency, the attenuation monotonically varied from 0.7 to
23 dB with the control voltage. By using slow-wave microstrip lines, we
achieve a 60% size reduction compared to a conventional

structure.© 2005 Wiley Periodicals, Inc. Microwave Opt Technol Lett
47: 323-327, 2005; Published online in Wiley InterScience (www.
interscience.wiley.com). DOI 10.1002/mop.21159
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Figure 1 Attenuator schematic diagram (all lines are Z, = 50())
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1. INTRODUCTION

Variable attenuators are used to control power transmission, and
they have applications in devices modulators, automatic gain-
control circuits, and radar systems. PIN diodes are commonly used
as the control element in variable attenuators because of their
speed and ease of design. Many types of variable attenuators using
PIN diodes have been presented: 7 attenuators, resistive line
attenuators, bridged-T attenuators, hybrid coupled attenuators, and
others [1]. The hybrid coupled attenuator is frequently used when
reflected power must be minimized, and a double hybrid coupled
attenuator is especially preferred due to its wider bandwidth,
although it requires a larger area than a single hybrid coupled
attenuator. There can be several ways to reduce the size of cou-
plers. Lumped-element couplers are ready examples [2], but
lumped inductors and capacitors with the required values and
high-quality factors are not usually available for use in MICs or
MMICs. Slow-wave transmission lines are also promising candi-
dates for size reduction [3, 4], but many employ complex 3D
structures that may be difficult to fabricate. In this paper, we
present a novel variable attenuator employing a 0-dB branch-line
directional coupler [5] using 2D slow-wave microstrip lines that is
smaller in area but has comparable or better performance than a
double hybrid coupled attenuator.

2. ATTENUATOR CIRCUIT DESIGN AND ANALYSIS

A PIN diode is a PN junction diode that has an intrinsic layer
between its P-type and N-type layers. The PIN diode behaves as an
ordinary PN junction diode at low frequencies, but at high fre-
quencies it behaves as a resistor whose value can be controlled by
current. Using this resistive characteristic, we constructed a vari-
able attenuator by combining the PIN diode with a 0-dB branch-
line coupler (Fig. 1).

Ideally, the resistance of the PIN diodes can be varied from
infinity to zero, which means that nodes A, B, and C can be
floating or, conversely, connected to ground. When the nodes are
floating, the whole circuit acts as a 0-dB coupler itself, and the
incident power on port 1 is transferred to port 3 without any
attenuation or reflection. However, when nodes A, B, and C are
grounded, the input resistances Z',, Z, and Z as seen from A’,
B’, and C’ to the branches, approach infinity.

Applying an even-odd mode analysis for the infinite resistance
case, we can obtain the ABCD matrices as follows:

4

=l / e -?."\__‘_%L=
4 v / \

DT Black for Currant
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Figure 2 Layout and fabrication details of the attenuator
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From these equations, the amplitude of the emerging wave at each
portin Figure 1 is B, = B, = B, = 0, B; = j, and all the incident
power is transferred to port 3. The power transferred in the zero
resistance case can be derived qualitatively. The power transferred
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Figure 3 (a) Equivalent measured reflection and (b) attenuation vs.
control current
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Figure 4 ADS-simulated performance of our attenuator vs. a double hybrid coupled attenuator

in the zero resistance case can be derived qualitatively. Intuitively,
it is clear that all the incident power is transferred to port 2 because
the input impedances, as seen from nodes A’, B’, and C’, ap-
proach infinity due to the branches having quarter-wave lengths
and each branch being grounded. Thus, no power is transferred to
port 3 and 4, nor is any power reflected back to port 1.

3. FABRICATION AND MEASUREMENT RESULTS OF THE
VARIABLE ATTENUATOR

The most important performance-design consideration is to pro-
vide a good ground to the PIN diodes when their resistances are
minimized. In order to make the shortest path to the ground plane
from the microstrip line, we selected a thin board (¢, = 3.38,
dielectric thickness = 0.2 mm) and directly inserted the PIN
diodes through via holes, as shown in Figure 2. For this design, we
used MA4FCP200 flip chip PIN diode manufactured by MA-
COM®. According to the manufacturer’s data sheet, the minimum
resistance of the PIN diodes used was 5.2() at | MHz and 4.2() at
10 GHz with 10-mA current.

The measured circuit performance is shown in Figure 3. As
seen in Figure 3(b), the attenuation-control current plot remains
relatively flat throughout the whole frequency range, so the band-
width is mainly determined by the reflection characteristics. S, is
shown in Figure 3(a). Figure 4 shows the ADS simulation results
of a 0-dB coupled attenuator and a double hybrid coupled attenu-
ator for comparison, disregarding the discontinuities of each junc-

tion. In the circuit schematics, port 1 is the input and port 3 is the
output. As can be seen in this figure, a 0-dB coupled attenuator has
advantages over a double hybrid coupled attenuator, such as
smaller size, wider bandwidth (due to the lower input reflection),
and larger attenuation range.

4. SLOW-WAVE MICROSTRIP-LINE DESIGN AND
MOMENTUM SIMULATION RESULTS

The characteristic impedance Z, and phase velocity v, of a trans-
mission line are well known as follows:

L
Zy= Jc’ 3)

A=, @
f
1
9= . )
! JLC

From Egs. (3-5), it follows that the wavelength can be decreased
while the characteristic impedance is kept unchanged by increas-
ing L and C with the same ratio. Yet both the inductance and
capacitance of the microstrip are related to line width; inductance
increases with decreasing line width, whereas capacitance in-
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Figure 5 Equivalent circuit of a transmission line with discontinuities

creases with increasing line width. For a given electrical length,
the physical length of a transmission line, such as a microstrip, can
be reduced by using a slow-wave structure. In this paper, we
designed a slow-wave transmission line by employing discontinui-
ties along it. A step discontinuity provides the line with additional
inductance and capacitance. The discontinuous transmission line is
made by placing a wide line and a short line and a narrow and short
line in turn. Throughout this paper, those lines will be called a
capacitive line and a inductive line, respectively. A transmission
line with the repeated discontinuities can be modeled as shown in
Figure 5. In this equivalent circuit, L is equal to L. + L, + L, and
Cisequalto C. + C; + C,. The notations used here are defined
as follows:

L., C. = inductance/capacitance per unit length, which is in-
duced by a capacitive line;

L;, C,; = inductance/capacitance per unit length, which is in-
duced by an inductive line;

L,, C, = inductance/capacitance per unit length, which is in-
duced by discontinuities.

The inductance and the capacitance induced by discontinuities
are dependent on the board thickness and the line width. For a step
discontinuity, both the inductance and capacitance increase as the
width ratio of the two connected lines increases [6]. Our circuit
was designed using a board with 0.2-mm thickness, whose dielec-
tric constant is 3.38 and ADS Momentum simulations were run.

TABLE 1 Distributed Element Values Per mm of
Discontinuous and Continuous Lines (units: nH for
Inductance, pF for Capacitance)

Discontinuous 50() line

L. L, L, C. C, C,
0.07 0.26 0.2 0.116 0.026 0.07
Continuous 502 line

L c
0.27 0.108

The capacitive line width W,, capacitive line length /,, inductive
line width W,, and inductive line length /, of the discontinuous
lines with 50€) characteristic impedances are W, = 1.3,1, = 0.1,
W, = 0.1, [, = 0.1, respectively (unit: mm).

Distributed inductances and capacitances per mm of discontin-
uous lines with these dimensions and continuous lines are shown
in Table 1 for comparison. All values are distributed for a 1-mm
length. Both of inductive lines and capacitive lines are 0.1-mm
long in this example. Therefore, this table shows the values for a
0.5-mm inductive line and a 0.5-mm capacitive line to make a
1-mm discontinuous line. L, and C, should also include the
coupling effects between capacitive lines when they are very close.
Many studies have been done to analyse step discontinuities [7].
However, most of them assumed long transmission lines at both
sides of a discontinuity, and they cannot be directly used when
discontinuous sections are close. So, instead of using those meth-
ods, L, and C, in Table 1 were calculated by measuring image
impedance. Then, the phase velocity of a discontinuous transmis-
sion line is given by

1
v, = .
! V(LC+Li+L¢1)(C(T+ G+ Cd)
So, from Table 1 it is obvious that the discontinuous transmission
line is much shorter than the conventional transmission line for the
same electrical wavelength.

Figure 6 shows the layout of the compact 0-dB coupler de-
signed using slow-wave microstrip lines and Figure 7 shows the

Figure 6 Layout of the compact 0-dB coupler
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Figure 7 Simulated reflection (top) and attenuation (bottom) vs. PIN-
diode resistance

ADS Momentum simulation results for the reflection and the
attenuation as PIN diode resistances are changed. These results are
comparable with the experimental results of Figure 3. The area of
the variable attenuator using conventional microstrip lines is 105
mm? versus 39 mm? for the compact one, more than 60% reduc-
tion in size.

5. CONCLUSION

We have described the design and performance of a PIN-diode-
controlled variable attenuator employing a 0-dB branch-line direc-
tional coupler and a miniaturizing technique. Due to the low
reflected power of the coupler, the attenuator has excellent input
and output impedance matching. At 1.9 GHz, it has an attenuation
range between 0.7 and 23 dB, which can be further improved by
using a thinner substrate and PIN diodes with lower series resis-
tances. This modification would result in the control locations A,
B, and C (shown in Fig. 1) being nearer to an ideal ground when
the PIN diodes are turned on. The size of the variable attenuator
was reduced by 60% using the proposed slow-wave microstrip-line
design technique.
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ABSTRACT: A uniplanar wide-band magic-T circuit using an asym-
metric coplanar-stripline (ACPS) or a coupler waveguide (CPW) ring
circuit is proposed. Both types of structure exhibit a uniplanar configu-
ration which reduces the circuit complexity and manufacturing cost. A
phase-reverse section is built in the E-arm branch of the circuits to ob-
tain the function of a magic-T operation. The ACPS- and CPW-ring
magic-T couplers have measured bandwidths of 4.4 and 4.6 GHz, re-
spectively, with acceptable amplitude and phase imbalances. © 2005
Wiley Periodicals, Inc. Microwave Opt Technol Lett 47: 327-330, 2005;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.21160
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1. INTRODUCTION

Magic-T couplers (also known as 180° hybrid couplers) are fun-
damental components in power combiners/dividers and balanced
mixer circuits [1, 2]. To achieve good performance of a magic-T
circuit requires a wide bandwidth, a low power-dividing/combin-
ing loss, small amplitude and phase imbalances, high isolations
between different ports, and sometimes the circuit compactness.
The magic-T was first built by a rectangular waveguide T-junction
[3]. In spite of this waveguide’s ultra-low loss property, it is
considered to be costly and cumbersome due to its bulky and
inflexible structure, which hinders it from finding applications in
modern commercial microwave systems that require circuit com-
pactness, light weight, and low cost. The planar structured magic-T
circuits [4—6] which use a ring structure in the design have been
reported in the past decade. They have the advantages of a wide
bandwidth, low profile, low cost, light weight, and easy mass
production. In [4, 5], various 180° phase-reverse sections com-
posed of varieties of CPW and slotline combined structures are
embedded in hybrid ring configurations to achieve the magic-T
function and a wideband property. In [6], the circuit was con-
structed by coplanar-stripline ring (CPS ring) with the phase-
reverse section made of a twisted CPS structure also embedded in
the ring structure.

In this paper, a uniplanar magic-T circuit using an asymmetric
coplanar-stripline (ACPS) ring or a CPW ring structure is pre-
sented. The phase-reverse section of the circuit is built in the end
of the E-arm branch by using vias and a short metal strip on the
opposite side. The proposed magic-T ring coupler has character-
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