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Abstract

Project Code : MRG4880184
Project Title : A Step Impedance Transmission Line and its Microwave Applications

Investigators :

Asst. Prof. Dr. Mitchai Chongcheawchamnan  Head of Project Mahanakorn U. of Technology
Prof. Monai Krairiksh Mentor King Mongkut’s Institute of

Technology, Ladkrabang
Prof. lan D. Robertson Mentor Leeds University, U.K.

E-mail Address : mitchai@ieee.org

Project Period : 1 July 2005- 30 June 2007

The applications of a step-impedance transmission line to two commonly used
microwave and millimeter-wave communication circuits, a Wilkinson combiner/divider
and a dual-mode ring filter, are presented in this research report. For the first circuit, a
two-step impedance transmission line transformer is applied to provide a tri-band
Wilkinson divider/combiner, hence make it suitable for multi-band communication
applications. For the second circuit, a symmetric step-impedance transmission line is
applied to a dual-mode ring filter, results a compact, narrowband, high Q, bandwidth

tunable, and wide stop band design.

The work of the tri-band Wilkinson divider/combiner was published in an international
journal where there is yet another one manuscript already submitted for considering to

be published in an international journal.

Keywords: Microwave and millimeter-wave communication system, step-impedance
transmission line, multi-band communication system, bandwidth, frequency response,

scattering parameter.
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Tri-Band Wilkinson Power Divider Using a
Three-Section Transmission-Line Transformer

Mitchai Chongcheawchamnan, Member, IEEE, Sumongkol Patisang, Monai Krairiksh, Member, IEEE, and
Ian D. Robertson, Senior Member, IEEE

Abstract—The analysis and design of a triple-band equal-split
Wilkinson power divider are described. The circuit proposed is
well matched and isolated at three arbitrary frequencies. The de-
sign procedure for the three-section transmission-line transformer
based equal-split Wilkinson power divider derived from the ideal
transmission-line model is provided. Simulated and experimental
results in microstrip technology are presented to verify the idea
and the derived equations.

Index Terms—Microstrip components, microwave circuits,
power dividers.

1. INTRODUCTION

ULTISECTION transmission line impedance trans-

formers are well established and their application to
components such as Wilkinson power dividers is well doc-
umented [1]-[3]. However, previous work has focussed on
obtaining wideband responses, for example using Chebyshev
prototypes, or on dual-band operation [4]-[7]. Multistandard
operation of wireless transceivers is of increasing importance
in practical applications and so components that work at three
or more frequencies are of interest. A previous paper [8] pre-
sented the development of a three-section transmission-line
transformer (TLT) for matching impedances at three arbitrary
frequencies. This paper presents a triple-band equal-split
Wilkinson power divider which can be designed to be matched
and have good isolation at three arbitrary frequencies by
employing the three-section transformer. The circuit is first
analyzed in order to develop a synthesis procedure, and then the
technique is demonstrated practically with a microstrip design
in the 900-MHz to 2.4-GHz region.

II. ANALYSIS

The conventional Wilkinson divider, with terminating imped-
ances of 7y, can be reduced to a quarter-wave transformer as
illustrated in Fig. 1(a). The bisection of the circuit for even-
and odd-mode excitation is shown. The even—odd mode anal-
ysis can be applied as the conventional circuit is symmetrical
across the midplane, shown as the dashed line in Fig. 1(a). As
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Fig. 1. Wilkinson divider/combiner based on the TLT structure.

clearly shown in either even- or odd-mode excitation, the basic
cell of the Wilkinson circuit is a quarter-wave TLT, which trans-
forms impedance 27 to Zj.

Fig. 1(b) shows an application of the three-section TLT
to the equal-split Wilkinson divider. Three resistors are used
to achieve good isolation performance. The three-section
Wilkinson retains symmetry across the midplane shown as the
dashed line in Fig. 1(b). The three-section TLT is comprised of
three transmission-line sections of characteristic impedances
Z1,Z9, and Z3 and of electrical lengths 61,6-, and 3 at fre-
quency fi. With the condition that f3 > fo > fi, the three-
section TLT can be designed such that impedance matching at
three simultaneous frequencies (f1, f2, f3) is attained, hence
yielding a tri-band equal-split Wilkinson power divider.

A. Even-Mode Analysis

By considering the circuit in even-mode excitation, the three-
section TLT in Fig. 1(b) must match impedance 27, to Z at
f1, fo, and f3 simultaneously. With this condition, the design
parameters of the three-section TLT can be derived as follows
[8]. First, we define the frequency ratio parameters as follows:

wy = % (1a)
ug = % (1b)

1531-1309/$20.00 © 2006 IEEE
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where 1< u; < us <3. Without taking into account the pe-
riodic frequency response of transmission line, the maximum
frequency ratio therefore is limited only at 3.

Let us then define parametersa and b

B 2Zy 7y
a_\/i<Z—1_E> (2{:1)
(220N Zi N

-2(7) - (i) -

The electrical length #; and Z; can be obtained by solving the
following two transcendental equations:

cot 61 +btan 6, )

arctan( o 1 (3a)
= — a

cot(u161)+btan(ui61) U1
arctan ( 5a + gm
arctan cot 01 +b-tan 8, L
M (9 )+b t2a( 9 )) T (3b)
cot(us6q an(u264 (%)
arctan ( S5a ) +rT

To avoid the inverse tangent term in (3a) or (3b) being negative,
q and r will be set to either zero or one.

Obviously, both (3a) and (3b) can only be solved numerically.
However it would be more convenient if the closed form expres-
sions for determining ¢ and Z; were available. Here, we apply
the surface fitting technique to give approximate design equa-
tions of A, and Z;. The obtained closed-form design equations
fit well with the exact solutions with better than 95% accuracy.
The formulas obtained are

1.361—e¢ 0:451uy

Zy & [3.595u] — 11.686u; + 59.52] ¢* 1005+ TT (4a)
u {0.616u; + 3.822(uy — 3.714)*} +
{0.821uy + 3.113(uy — 3.208)%} -
{us — 1.994u; — 0.555(u; — 2.363)?}

. (4b)

X

180

Knowing 6; and 71, the parameters of the three-section TLT
can be derived from the following:

A, = — arctan (M> (5a)
2a
03 =01 (5b)
Zy =27, (50)
Ty = Z (5d)
A
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TABLE 1
DESIGN PARAMETERS

Z, Z Z3 0, 0, 03 R, R, R3
852 70.7 588 65.1 347 65.6 243 176 124

B. Odd-Mode Analysis

To achieve perfect isolation performance at three simulta-
neous frequencies (f1, f2, f3), the driving-point admittance of
odd-mode circuit (Y, ,) shown in Fig. 1(b) must be equal or
very close to Z at these frequencies. After some mathematical
manipulation, we obtain Y;,_, as (6), shown at the bottom of the
page, where GG1—('3 are the conductance values relating to the
isolation resistors, R1—R3, and Y;-Y3 are the characteristic ad-
mittances of the transmission-line section whose characteristic
impedances of Z;—Z3.

The unknown isolation conductances can be simply deter-
mined by numerically solving (6) for frequencies f1, f2, and f3
with known parameters derived from (4)—(5). From the even-
and odd-mode analysis results, the input (combined) port is
perfectly matched and the outputs can be designed to be well
matched and isolated at three arbitrary frequencies. Also since
the circuit is symmetrical, the equal-split power condition is
obtained.

To summarize the synthesis procedure of the tri-band equal-
split Wilkinson power divider, we start by determining the fre-
quency ratios u; and us from the three required frequencies
of operation. Using (4)—(6), all the electrical parameters of the
proposed Wilkinson circuit are then derived. Finally, the phys-
ical parameters of the circuit depending on the transmission
media are synthesized from the electrical parameters obtained.
Since the practical implementation will include discontinuities
such as T'-junctions, the 95% accuracy of the formulas is ad-
equate to provide a design ready for a modest degree of CAD
optimization.

III. SIMULATED, MEASURED RESULTS, AND DISCUSSIONS

The tri-band Wilkinson power divider is demonstrated
practically with a design fabricated on Taconic substrate
(er = 3.45, h = 1.57 mm, tané = 0.002) for operating frequen-
cies of 0.90 GHz, 1.17 GHz, and 2.43 GHz. The impedances
at all ports are 50 (2. The electrical parameters obtained from
(4)—(6) of the circuit with the target specifications are listed in
Table I. Note that all the electrical lengths in Table I are defined
in degrees. The ideal transmission-line circuit was simulated
with the design parameters in Table I and good matching
and isolation performance were obtained at the three target
frequencies.

2G1+j(Y2 tan 2, —Y; cot )

2G2+Y,

Y>+Y; cot 6; tan 624+72G, tan 62

+ JYg tan 93

Yrin—o(f) = 2G3 + YB

Y3 + jtanf; (2G2 +Y; 5,22G1+j(y2 tanf —¥; cot 1)

5+Y7 cot 61 tan 02+72G tan 62

(6)
)
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. PCB photograph of the experimental circuit.
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Fig. 3. Simulated performance of the tri-band Wilkinson power divider.

The electrical parameters were used to synthesize the mi-
crostrip circuit. The circuit was laid-out and simulated using
the SONNET Lite electromagnetic (EM) simulator. The overall
size of the practical circuit (without connectors) shown in Fig. 2
is 5.5 x 3.1 cm?. Surface mount resistors (0603 package) were
used as isolation resistors in the experimental circuit.

Fig. 3 shows the EM simulated results of the experimental cir-
cuit and Fig. 4 shows the measured data. The measured return
losses (S11, S22, and S33) and the isolation (S»3) are good at
three desired frequencies. At the three design frequencies, the
measured S; and Ss; are better than —3.4 dB. Good ampli-
tude balance is obtained from the circuit. Phase balances at 0.9,
1.17, and 2.43 GHz are excellent, which are 0.2°, 0.45°, and
1.5°, respectively. The measured results are in good agreement
with the EM simulated results. A slight difference between the
measured and simulated results is due to the tolerance of the
fabrication process. The noticeable discrepancy in return losses
at the output ports (S92, S33), and Sa3 between the EM and
measured results is mainly due to the parasitic elements in the
isolation resistors used.

S g
3 a2
= B,
3 £
g &
o z
= @
= E
* =
g Z
S g
>50 T T T 1 I LI T T | T T LI I T T T T | T T T T -5'5
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=

g. 4. Measured performance of the tri-band Wilkinson power divider.

IV. CONCLUSION

The application of the three-section transmission-line trans-
former to the equal-split Wilkinson power divider is proposed.
The circuit provides good matching and isolation performance
at three arbitrary design frequencies. The design procedures and
equations are provided and validated with the simulated and
measured results. The technique can be very useful for multi-
band and wideband applications.
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Microstrip Ring Resonator Filter with
Inductively-Compensated Parallel-Coupled
Feed and Stepped-Impedance Design

M. Chongcheawchamnan, R. Phromloungsri, M. Krairiksh and I. D. Robertson

In this letter, a dual-mode ring resonator filter design technique is reported
that uses a parallel-coupled feed structure and incorporates a stepped-
impedance lowpass filter in the ring. The structure yields a compact bandpass
filter element two poles and two zeroes with improved harmonic suppression.
The proposed topology is demonstrated with a design operating at 2.45 GHz
with 5% bandwidth. More than 18 dB of spurious suppression from 2.8 to 8

GHz is demonstrated in the experimental results.

Introduction: During the past few decades, microstrip ring resonator filters
have been popular structures for low-cost RF bandpass filter because of the
simple shape [1]. Since it is well known that low insertion loss, sharp rejection,
as well as wide stopband are in high demand for high performance
communications transceivers, a microstrip ring resonator filter with these
mentioned capabilities is preferred. Various topologies of microstrip ring
resonator filter have been proposed and a dual-mode ring filter with
input/output coupling structure is relatively attractive because of its narrow
passband and simple structure [2-4]. Practically, the input/output coupling

structures can be simply implemented with quarter wave parallel-coupled lines



[5] where a one-wavelength ring resonator is formed with these coupled lines
plus two quarter wave transmission lines. Harmonic responses, a notorious
problem in a ring resonator, can be suppressed by incorporating a stepped-
impedance lowpass structure into the ring resonator [5, 6]. Incorporating a
bandpass structure, either with a spur-line or electromagnetic bandgap
structure, is also feasible [7-9]. Adjusting the coupled shape and open-end
line length [10] is another recent approach that does not add elements or
discontinuities to the ring. However, these techniques do not provide wide
stopband, compact design, and sharp transition band simultaneously. In this
Letter, we therefore propose a dual-mode ring filter topology which possesses
all these features. The coupled-line feed structure consists of parallel-coupled
lines with a shorted stub, resulting in two transmission zeros at
passband/stopband transition and also at even harmonics. The frequencies of
the zeros at the passband edge are nicely controlled with the shorted stub
dimensions. Spurious responses are further reduced by employing a stepped-

impedance lowpass filter structure in the ring resonator.

Proposed Topology: Fig. 1 shows the proposed topology where the structure
is symmetrical about the plane A-A. Unlike the conventional coupling feed
structure, the coupling structure is implemented with parallel-coupled lines of
characteristic impedance Z; and a shorted stub. Theoretically, such a coupling
structure of odd- and even-mode impedances, i.e. (£ Zoe), provides a
response with no even harmonics if the phase velocities of the even and odd
modes in the coupled lines are equal. In practice, however, velocity

equalisation is required in the microstrip coupled lines design. Various



compensation techniques have been proposed, and here the inductive
compensation approach [11] is chosen. If § and 6, are the odd- and even-
mode phase lengths, respectively, then the compensation inductor (Lgs),

being implemented in either lumped or distributed form, is calculated from:-

1 <Z§ + Zgo ) ZA - 2Z0Z00Z06¢
L, = Im ) (1)
21 fy ZOZA - Z00Z06¢

where Im(x) stands for an imaginary part of x, ¢ = cosh @, — cosh@, , and

Z, = j(Z,sinb, ~Z, sind,). Electrical length of the coupled lines (&) is

adjusted so that 90° phase difference between the direct and coupled ports at

center frequency of fyis obtained. This is selected by:-

1|47 fiLyg — Z,, cOtO,

(

0 cot™

RS ~ 27

Oe
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For suppressing both even and odd harmonics by a further amount, a
stepped-impedance lowpass structure is incorporated into the ring resonator,
while 90° phase difference between input and output ports of the filter is
preserved. Since the resonator loop is now composed of stepped-impedance
lowpass sections and the inductors, Lgs, the design is compact. The
combination of the stepped-impedance lowpass filter and proposed coupled-
fed structure results in a sharp transition and wide stopband bandpass filter.
In addition, with the proposed coupled-feed structure, two zero transmission
frequencies (fz1,fz0) are provided and can be simply controlled by tuning the

parameters of the shorted stub, either impedance (Zs) or length (6s).



Design and Results: The proposed filter structure is validated with the design
of a bandpass filter operating at 2.45 GHz f, and 5% bandwidth, fabricated on
TACONIC substrate (RF60-0600). Here, we set 71 and fz» at 1.9 and 2.6 GHz.
At the beginning of the design stage, 7.3 dB coupling factor of coupled lines is
determined by filter bandwidth then Lgs and rs are obtained from (1) and (2),
which are 1.8 nH and 0.45x, respectively. The parameters of the shorted stub
(6s and Z;) were computed based on a quasi-TEM model and implemented
using a microstrip line. Z; was initially selected at 45 Q and Fig. 2 shows the
variation of the calculated frequencies of the transmission zeros, fz1 and fz,
for different values of 6s. For our design, we selected 65 of 3°. In the layout
stage, special care was taken, especially to model all microstrip
discontinuities. Electromagnetic simulation was performed with Momentum™.
The dimensions in millimetres are as follows:- The width and length of shorted
stub are 3.0 and 1.0. The width, gap, and length of coupled lines are 1.6, 0.2,
and 15.6, respectively. The widths (W1, W2) and lengths (L1, L2) of the
stepped impedance lowpass filter are (3.3, 2.6) and (3, 2.6), respectively. The
circuit size excluding the input and output SMA connectors is around 2.2x1.8

cm?.

Measurement was performed with an HP8720C Vector Network Analyzer test
system calibrated from 0.1 to 8 GHz. All measured data were collected via a
General Purpose Interface Bus (GPIB) card. The electromagnetic simulated
(dotted line) and measured (thick line) results of the microstrip filter are shown
in Fig. 3. A close view of the filter response at the passband is also plotted in

the inset of Fig. 3. The measured results are in agreement with the simulated



results. The filter achieves bandwidth of 120 MHz at 2.45 GHz f,. A 2.1 dB
insertion loss is obtained at the centre frequency. Zero transmission
frequencies occurred at 1.78 and 2.6 GHz, respectively. Wide stopband
response is obtained, which is less than -18.7 dB from 2.8 to 8 GHz.
Harmonic responses at 2f, and 3f, are kept low, below —32 and -26 dB,

respectively.

Conclusions: A dual-mode ring filter with shorted parallel-coupled feed lines
and stepped-impedance low-pass sections has proven its capability to provide
a compact filter design. It is shown that a sharp transition response can be
obtained simply by adjusting the length of the shorted stub in the coupled-feed
structure and harmonic suppression is achieved with the coupled-feed

structure and stepped-impedance low pass filter.
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Figure captions:

Fig. 1 A proposed coupled-fed ring filter

Fig. 2 Zero transmission frequencies with various shorted stub lengths.

Fig. 3 Simulated and measured responses of the proposed ring filter
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Figure 3
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