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Abstract—A novel planar six-way power divider is proposed. Based
on the conventional planar microstrip coupled line technology, the
proposed compact six-way power divider is comprised of two stages
coupled transmission lines, which is different to the conventional multi-
stage power divider using the same expanded structure, one stage
folded two-coupled line, and the other hybrid-expanded symmetrical
three-coupled line. Therefore, the proposed power divider is size
reduction, and has a broad-band property, which is better than 40% of
fractional bandwidth. Furthermore, compared to a traditional six-way
power divider, it is designed and fabricated easily. From the simulated
and measured results, the six-way planar power divider shows a good
specifications, which are insert loss 8.1+0.2dB from 2 GHz to 3 GHz,
and return loss less than —18dB, isolation less than —19.5dB at
2.5 GHz, respectively.

1. INTRODUCTION

Power dividers are widely used in radar, communication and high
frequency applications. In the conventional circuit design, the circuits
for an even number of two or more output signals have been proposed
[1-5], which are good for an even number of output ports, but it
is still difficult to design power dividers with an odd number of
output ports. A new three-way power divider was proposed [6],
which can modify a three-way Wilkinson power divider from a three-
dimensional configuration into a two-dimensional one, and reduce the
circuit dimension down to A/4 with only two isolation resistors and
is most suitable to be implemented in a planar form. However, if
the number of output ports is more than three, the practical planar
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circuit PCB layout and fabrication will become difficult, and the
bit error rate of signal transmission within couple lines becoming
increased. A miniaturized low-loss Wilkinson power divider for RF
front-end applications was proposed [7], whose reduction of size was
implemented by folding the quarter-wave transmission lines into tightly
coupled meander lines. A planar low-loss electrically symmetric eight-
way hybrids that resemble the Wilkinson hybrid were introduced-the
“radial” hybrid [8-10]. In essence, however, the combined amplifier
using two such hybrids would be non-planar for the input/output
port using the coaxial line to transmit signal. Moreover, unlike the
Wilkinson hybrid, the match and isolation of the radial and the fork
hybrids are not perfect even at the center frequency.
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Port 3

Port 4

Port 1
Port 5

Figure 1. The circuit topology of the proposed six-way power divider.

In this paper, a new fully planar six-way power divider is proposed
which can reduce the circuit structure to 2-dimension and fabricate
physical size with only five isolation resistors. The proposed compact
six-way power divider is comprised of two stages coupled line, which is
different to the conventional multi-stage power divider using the same
expanded structure, one stage folded two-coupled line, and the other
one hybrid-expanded symmetrical three-coupled line. On one hand,
circuit size reduction can be implemented by the folding the quarter-
wave coupled transmission lines into tightly coupled meander lines.
Therefore, to some extent, the folding technology can overcome the
limit of the physical size for the structure with \/4, especially below
the X-band or if low-permittivity substrate materials are employed.
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On the other hand, with the hybrid-expanded technology, it is not only
possible to increase the flexibility of design and manufacture easily the
circuit on the PCB, but expand greatly the operating bandwidth of
the power divider. Furthermore, implementation of the coupled line
technique can provide the dc block function as well, which can further
reduce the parasitic effects from the use of extra blocking capacitors.

2. ANALYSIS AND DESIGN OF THE SIX-WAY POWER
DIVIDER

2.1. Analysis of the Power Divider

The configuration of the proposed six-way power divider is shown
in Fig. 1, which consists of two \/4 folded two-coupled transmission
lines and six A/4 symmetrical three-coupled lines, with five additional
isolation resistors. Therefore, the analytic method of the proposed
power divider with coupled lines is divided into two parts, i.e., one is
to analyze two-way folded structure of coupled line, which is analyzed
easily with the even- and odd-mode technique since the condition of
equal amplitude and in-phase excitation is easily achieved [11-16]. The
other is to focus on the impedance matching of different microstrip line
interfaces to successfully transform an incoming signal into six parts.

In Stage I, an incoming signal is separated into two parts with
equivalent amplitudes and with good impedance matching. Therefore,
the input port impedance, Z;,, = 502, is matched to the two equivalent
microstrip lines with load terminated impedance Z7,, which is the input
impedance of the next stage. The operational principle of two-coupled
line behaviors is shown as Figure 2.

In the Figures 2(a) and 2(b), we can define an even mode voltage
Ve and current I, and an odd mode voltage V,; and current [,; in
terms of the total voltages and currents at the ports 1 and 2 such that:

1 1
Vo= Vi4Va), L= (h+ 1) (12)

and ) )
Vod = §(V1—V2), Toa = 5(11—12) (1b)
According to the above odd-mode and even-mode definition and the

equivalent circuit topology in the Figure 2(c), we can obtain a set of
first-order, coupled ordinary differential equations:

ave .

— 7 = jw(Lll + ng)Ie (2&)
dl. .

—— = jw(Ci1 + C12)Ve (2b)

dz
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(a) coupled unit of parameters representation in the stage I
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(b) transmission line representation of the coupled unit
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(c) Equivalent circuit topology of the two lossless coupled unit

Figure 2. Analysis of two-coupled transmission line unit behavior.

and
dV, .
—d—;d = jw(Li1 — L12)1og (2¢)
dl, ]
——d Jw(Ci1 — Ci2)Voa (2d)

dz
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Then, we decouple the governing equations, and get the characteristic
impedances Zy. and Zy,q for the even and odd modes:

1 1
Zoe = ———  Zoog = ——— 3
Oe Upe Ce Ood Upod Cod ( )

Where,

C., Cog-even and odd mode capacitances, respectively;

Upe, Upod-€ven and odd mode phase velocities, respectively.

For these capacitances are very complex, we have to resort to a
numerically computed impedance grid or computer simulation.

According to Gupta [12], this configuration has the impedance
matrix coefficients for open transmission line segments in the following
form:

1
71 = —‘7§(Z06 + Zood) cot(Bl) = Zao (4a)
1 1
VA :—'—Ze_Zo -7:2 4
12 32( 0 0 d)sm(ﬁl) 21 (4b)

When cascading the coupled unit into the power divider configurations,
we can find the image impedances above equations. Finally, according
to the definition of ABCD chain matrix, we can obtain the following
input impedance formula:

1

Zim = m\/(z()e — Z00)% — (Zoe + Zoo)? cos2(Bl)  (5)

From above equations, we can design the stage I circuit of power
divider if the even- and odd- mode parameters of matrix [L] and [C]
are obtained for the two-coupled line [17-19]. In this paper, we find
the mode parameters of two-coupled line with the CAD tools and
plot the data with 3-dimension form, as following Figure 3. From

600 —= 100 —
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E+ g o
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= 52 w 52

n 51 8 31
L_K Al o) L_}r C_l{ 31 52 C_Y

(a) 3-dimension inductance matrix  (b) 3-dimension capacitance matrix

Figure 3. Calculated characteristic parameters of two-coupled
transmission line.
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the 3-D curves, we can find that the coupled capacitances and cross-
coupled inductances are enough to couple the energy from input to
output. The conclusion is drawn by the S-parameters simulation, as
shown following Figure 4. Obviously, the two-coupled line consisting
of stage I circuit has shown an excellent transmission performance and
appropriate terminated matching.

A
- LL.(S21.812)

= g/
40— RL(S11%822)

’80 L | L ‘ T T 1T | T T T T | T T T T | LI T
1.0 15 20 25 3.0 35 4.0
freq, GHz

Figure 4. Simulated results of two-coupled transmission line behavior.

In stage II, with the help of reference paper [6], we can analysis
and design the symmetrical three-coupled lines. Therefore, there is no
more about the description of the analysis.

2.2. Synthetic Design of the Power Divider

According to analyze above Section 2.1, we can divide the topology of
circuit into two parts during the design process of power divider, as
discussed in the previous analysis. With the simulation tool, we can
optimize the power divider, and finally, obtain the requirement results.
The planar six-way power divider is designed as shown in Figure 5. A
low-cost FR4 PCB with the dielectric constant of 4.7 and 2.0-mm-thick
is used. The overall dimension of the circuit is about 4.8 cmx3.0 cm.

3. RESULTS AND DISCUSSION

According to the above analysis and design process, we simulate and
optimum the six-way planar power divider with RF /Microwave circuit
simulator. From the simulated results, as shown in Fig. 6, the insertion
loss of the six output-ports is about 8.14+0.2dB, which are very good
agreements with theoretical analysis. According to reference [6], the
two three-coupled transmission line units corresponding respectively
to port 3 and 6 are different slightly to the other coupled line
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Figure 6. Simulated and the measured insertion loss of the power
divider.

units for the sizes of structure . Meanwhile, due to the error of
calculation in the design, S31 and S61 are different slightly to the
other transmission parameters S21, S41, S51, and S71 at the range of
operational frequency. Additionally, as shown in Fig. 6, the bandwidth
of the power divider is from 2 GHz to 3 GHz with very good agreements.
The band-width of the circuit can be controlled and adjusted by the
spacing between the coupled lines. To increase the bandwidth, thin
film process can be used to obtain the smaller spacing less than 0.1 mm.
The smaller the spacing, the wider the bandwidth [6].

The return loss of the six outputs is shown in Fig. 7. From the
simulated results, the circuit provides acceptable return losses in the
output ports which are better than 18 dB at 2.5 GHz. Therefore, the
designed circuit can match to the each port of the power divider.

The simulated isolation of the each port are shown in Fig. 8.
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From the simulated curves, pretty good results can be achieved which
isolations between each port are better than 19.5dB at 2.5 GHz. It
shows that the six output ports have good isolation among each other.
Similar concepts can also be implemented in power combiners.
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Figure 7. Simulated and the measured return loss of the power
divider.
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Figure 8. Simulated and the measured isolation of the power divider.



Progress In Electromagnetics Research, PIER 76, 2007 251

4. CONCLUSION

In this paper, we analysis and design the planar six-way power. With
the folded microstrip coupled transmission line and hybrid-expanded
symmetric coupled line which can provide the dc block function, which
further reduce the parasitic effects from the use of extra blocking
capacitors. In addition, only five isolation resistors, the power divider
implements two stages transform, therefore, reducing the parasitic
effects of the resistors. The performance of this compact circuit is
improved greatly. The results of simulation are insert loss 8.14+0.2dB
from 2 GHz to 3 GHz, return loss less than —18 dB, isolation less than
—19.5dB at 2.5 GHz, respectively. The overall design results can
achieve completely the engineering requirements.

REFERENCES

1. Wilkinson, E. J., “An N-way hybrid power divider,” IFEE Trans.
Microw. Theory Tech., Vol. MTT-8, 116-118, Jan. 1960.

2. Rosloniec, S., “Three-port hybrid power dividers terminated in
complex frequency-dependent impedances,” IEEE Trans. Microw.
Theory Tech., Vol. 44, No. 8, 1490-1493, Aug. 1996.

3. Nakatsugawa, M. and K. Nishikawa, “A novel configuration for
1:N multiport power dividers using series/parallel transmission-
line division and a polyimide/aluminaceramic structure for HPA
module implementation,” IEEE Trans. Microw. Theory Tech.,
Vol. 49, No. 6, 1187-1193, Jun. 2001.

4. Hettak, K., C. J. Verver, M. G. Stubbs, and G. A. Morin,
“Broadbanding techniques for TEM N-way power dividers,” IEEE
MTT-S Int. Dig., Vol. 1, 59-62, Jun. 8-13, 2003.

5. Turan, E. and S. Demir, “An all 50ohm divider/combiner
structure,” IFEE MTT-S Int. Dig., Vol. 1, 105-108, Jun. 2-7,
2002.

6. Chiu, J.-C., J.-M. Lin, and Y.-H. Wang, “A novel planar three-
way power divider,” IEEE Microwave and Wireless Components
Letters, Vol. 16, No. 8, 449-451, August 2006.

7. Kangasvieri, T., I. Hautajarvi, H. Jantunen, and J. Vahakangas,
“Miniaturized low-loss Wilkinson power divider for RF front-end
module applications,” Microwave and Optical Technology Letters,
Vol. 48, No. 4, 660-663, April 2006.

8. Bearse, S. V. (ed.), Compact Radial Power Combmer Teams up a
Dozen Power GaAs FETsY Microwaves, Vol. 16, No. 10, 9, Oct.
1977.



252

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Chen and Zhang

Schellenberg, J. M. and M. Coiul, “A wideband radial power
combiner for FET arnpfifiers,” 1978 IEEE Znt. So/id-State
Circuit Conf Dig., (fEEE Cat. No. CH1298-9SSC), 164-165, 273,
Feb. 1978.

Coh, M., W. B. D. Geller, and J. M. Schellenber, “A lo-
watt broadband FET combmer/amplifier,” IEEE MTT-S Znt.
Microwace Symp. Dig., (fEEE Cat. No. 79CH1439-9MTT), 292—
297, Apr. 1979.

Cohn, S. B., “A class of broad-band three-port TEM mode
hybrids,” IEEE Trans. Microw. Theory Tech., Vol. MTT-16,
No. 2, 110-116, Feb. 1968.

Gupta, K. C., R. Garg, and 1. J. Bahl, Microstrip Lines and Slot
Lines, Artech House, Dedham, MA, 1979.

Matsunaga, M., M. Katayama, and K. Yasumoto, “Coupled-mode
analysis of line parameters of coupled microstrip lines,” Progress
In Electromagnetics Research, PIER 24, 1-17, 1999.

Khalaj-Amirhosseini, M., “Analysis of coupled or single nonuni-
form transmission lines using Taylor’s series expansion,” Progress
In Electromagnetics Research, PIER 60, 107-117, 2006.
Khalaj-Amirhosseini, M., “Analysis of periodic and aperiodic
coupled nonuniform transmission lines using the Fourier series
expansion,” Progress In Electromagnetics Research, PIER 65, 15—
26, 2006.

Cheldavi, A. and A. Arshadi, “A simple model for the orthogonal
coupled strip lines in multilayer PCB: (Quasi-TEM approach),”
Progress In Electromagnetics Research, PIER 59, 39-50, 2006.

Lin, C. J., C.-C. Chiu, S.-G. Hsu, and H. C. Liu, “A novel model
extraction algorithm for reconstruction of coupled transmission
lines in high-speed digital system,” Journal of Electromagnetic
Waves and Applications, Vol. 19, No. 12, 1595-1609, 2005.
Wang, B.-Z., X.-H. Wang, and J.-S. Hong, “On the generalized
transmission-line theory,” Journal of Electromagnetic Waves and
Applications, Vol. 19, No. 3, 413-425, 2005.

Khalaj Amirhosseini, M., “Determination of capacitance and
conductance matrices of lossy shielded coupled microstrip

transmission lines,” Progress In FElectromagnetics Research,
PIER 50, 267-278, 2005.



