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Abstract—In this paper, different topologies of dual-frequency
modified 3-way Bagley polygon power dividers are designed and
analyzed. Equal split power division is achieved at arbitrary design
frequencies. In the first structure, two-section transmission line
transformer is used to realize the dual-frequency operation. In the
second and third structures, dual-frequency T-shaped and w-shaped
matching networks are used. For the sake of simplicity, closed form
design equations are presented for each matching network. To validate
the design procedure, three examples are designed, simulated, and
fabricated. The three matching networks are explored through these
three examples. The design frequencies are chosen to be 0.5 GHz and
1 GHz.

1. INTRODUCTION

With the advent of new wireless communication technologies, multi-
frequency microwave components are widely needed. In this regard,
multi-frequency transmission line transformers (TLTs) have been
reported in literature [1-4]. In [1], closed form design equations for
the dual-frequency TLT were presented. Tri-frequency and quad-
frequency TLTs were reported in [2,3], respectively. Furthermore,
the general design of multi-frequency TLTs for arbitrary number of
operating frequencies was presented in [4]. On the other hand, other
dual-frequency matching networks, namely T-shaped and w-shaped
matching networks were presented in [5, 6].

The Wilkinson power divider (WPD) is one of the devices that
have taken advantage from the multi-frequency TLTs in microwave

Received 8 January 2011, Accepted 28 February 2011, Scheduled 2 March 2011
Corresponding author: Abdullah Mazen Qaroot (abd_mazen@hotmail.com).



68 Qaroot, Shamaileh, and Dib

components design. In [7], the design of dual-frequency unequal split
WPD using Monzon’s equations [1] was presented. In [8,9], triple
and quad-frequency equal split WPDs were designed and investigated.
The general design of multi-frequency equal split WPD was presented
in [10]. In [11], the multi-frequency operation was extended to the
unequal split WPD. Moreover, many papers addressed the design of
dual-frequency WPDs and branch line couplers [12-20].

The Bagley polygon power divider is another planar microwave
divider that has lately attracted some attention [21-25]. Compared
to the WPD, the Bagley power divider (BPD) does not require any
lumped elements, and can be easily extended to any number of output
ports. On the other hand, the isolation performance between output
ports is not as good as that of the WPDs [21-25]. In [21], reduced
size multi-way Bagley power divider (BPD), using open stubs was
presented. In [22], an optimum design of a modified 3-way Bagley
rectangular power divider was presented. In [23], a general design of
compact multi-way dividers based on BPDs was introduced. In [24], a
compact dual-frequency 3-way BPD using composite right /left handed
(CRLH) transmission lines was implemented. —However, parallel
combinations of lumped elements (capacitors and inductors) were
considered. Very recently, dual-passband filter section based on the
generalized Bagley polygon four-port power divider was presented
in [25].

In this paper, based on the modified BPD proposed in [23],
dual-frequency 3-way BPDs will be investigated. The dual-frequency
operation is achieved using three different techniques; namely dual-
frequency TLT [1], T-shaped dual-frequency matching network [5],
and m-shaped dual-frequency transformer [6]. The design procedure
is simple and straightforward. After reducing the 3-way BPD to its
equivalent circuit model, one of the dual-frequency matching networks
can be used instead of the quarter-wave section to generate the dual-
frequency operation of the BPD. Following the same procedure, triple
and quad frequency operation can be achieved by utilizing the triple
and quad TLTs [2,3]. The designed dual-frequency dividers are
simulated using two different full-wave simulators (HFSS [26] and
IE3D [27]). Moreover, fabrication and measurement are performed.
The results of the simulations and the measurements are in good
agreement.

The paper is divided as follows: Section 2 presents the 3-way
BPD and its equivalent circuit model; Section 3 presents the three
matching networks and summarizes the equations used to design the
three different dual-frequency transformers; Section 4 presents three
examples along with the simulation results; Section 5 details the
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fabricated circuits and shows the experimental results; and Section 6
concludes the paper.

2. 3-WAY BAGLEY POWER DIVIDER

As mentioned above, based on the conventional Bagley polygon power
divider, compact modified Bagley dividers were proposed in [23].
Figure 1(a) shows the schematic diagram of the 3-way modified
BPD [23]. Noting that this divider is symmetric around its center
line, an equivalent circuit (looking from Port 1 to the right or left side)
can be drawn as shown in Figure 1(b).
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Figure 1. Schematic diagram of the 3-way modified BPD, and its
equivalent circuit.

Referring to the equivalent circuit it can be easily realized that
choosing 7, = 2Zy makes the design of this BPD independent of the
length {j,. In this case, the characteristic impedance (Z,,) of the quarter

wave section is Z,,, = 1/(22y) Z;, where Z; = %. This gives:

270
Vel (1)

Thus, each quarter-wave section matches an impedance of 22° to 27,
resulting in a perfect match at port 1 (the input port) and equal split
power division to the three output ports. As noted in the Introduction,
the BPD does not contain any lumped elements, and it can be easily
extended to any (odd) number of output ports. Besides the modified
3-way BPD, a 5-way modified BPD was presented in [23]. Here, we

Ly =
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concentrate on the design of dual-frequency 3-way modified BPDs,
while the same techniques can be applied on the 5-way BPD.

3. DUAL-FREQUENCY MATCHING NETWORKS

3.1. Two-Section Transmission Line Transformer [1]

Figure 2 shows a schematic diagram for the dual-frequency two-section
transmission line transformer (TLT) [1]. To achieve a dual-frequency
operation, the conventional quarter-wave section is replaced by two
transmission line sections, as shown in Figure 2.

Z, = Z, H Z, —HZ }1

-+ -

lml lmZ =
Figure 2. Dual-frequency two-section TLT.
The characteristic impedances (Z,1, Zm2) and the line lengths

(Im1, lm2) for the two sections can be evaluated using the following
equations [1]:

lml — lm2 (2)

T
m2 = b1+ B2 )
a = (tan(Bilm))? (4)
2
Zm1 = QZTZ(Zl —Zn) + \/{QZ;(Zl - Zn)] + 232 (5)
7.7
Zm2 - Zml (6)

where (1 and 5 are the phase constants at the design frequencies fi
and fo, respectively. In the case of the 3-way BPD, Z,, corresponds to
27y, while Z; = 2—?’, where Zj is the ports’ impedance (usually 50 €2).

3.2. T-Shaped Matching Network [5]

In this topology, the quarter wavelength section shown in Figure 3(a)
is replaced by a dual-frequency T-shaped transmission lines network
(with an open stub). The equivalency between the transmission line
section shown in Figure 3(a) and the T-shaped network in Figure 3(b)
is investigated depending on the ABCD matrices of both networks [5].
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Figure 3. (a) Quarter-wave transmission line. (b) Equivalent T-
shaped transmission line.

Equating the elements of both ABCD matrices and using simple
trigonometric identities lead to the following design equations [5]:

T

0m2(f2) = pem?(fl) (8)
2T

Oms(f) = o 9)

where 0,95,y and 0,,5(5,) are the electrical lengths at fi and fa,
respectively, 0,,3(7,) is the electrical length of the open stub at f1 and
p is the frequency ratio (f2/f1). It should be mentioned here that
Equations (7) and (9) are given for compact size transmission lines.
Moreover, the values of the characteristic impedances Z,,2 and Z,,3
can be calculated using the following equations [5]:

Zm
Zmy = ——— (10)
tan O,
ng = 05Zm2 tan2 0m3(f1) (11)

3.3. m-Shaped Matching Network [6]

The w-shaped dual-frequency transformer is shown in Figure 4. Two
open stubs with characteristic impedances Z,,2 and Z,,3, and electrical
lengths 6,,2 and 6,,3, respectively, are used besides the section with
characteristic impedance of Z,,1 and electrical length 6,,;. The closed

Figure 4. w-shaped dual-frequency transformer.
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form design equations were derived in [6] by solving the matching
equations. It should be pointed out that the dual-frequency w-shaped
transformer has infinite number of solutions.

One of the solutions of interest is in which compact lengths and
high aspect ratio (W/h) are achieved (where W is the microstrip line
width and h is the substrate thickness). High aspect ratio means that
the characteristic impedances of the three sections (Z,1, Zm2, and
Zm3) are not too high. Based on the preceding idea, the closed form
design equations are chosen to be [6]:

lm3 = lml = lm2 (12)

Zmi = ZaVk (13)

Zo = Znﬂ (14)
1+Vk

T = Zn-2F (15)

"1+ Vk

where [,,2 and « are given by Equations (3) and (4) respectively, and
k is the normalized load impedance (k = Z;/Z,,).

4. EXAMPLES AND SIMULATION RESULTS

Based on the dual-frequency matching networks presented in the
previous section, three dual-frequency BPDs operating at 0.5 GHz and
1 GHz are designed, simulated, and fabricated. First, circuit models
of the designed dual-frequency 3-way BPDs are analyzed using Ansoft
Designer [26], and then, the proposed dividers are simulated using the
full-wave simulators HFSS [26] and IE3D [27]. An FR-4 substrate,
with a relative permittivity of ¢, = 4.6 and a substrate height of
h = 1.6mm is used. In the three examples presented below, the
terminating impedance Zj is chosen to be 50 €2 which gives Z; = 1002
and Wy, = 0.64 mm; while, [, is chosen arbitrarily.

4.1. Example 1: Dual-Frequency BPD Using Two-Section
TLT

Using the design Equations (5) and (6), the dual-frequency two-section
TLT impedances are found to be: Z,,; = 69.05¢2 and Z,,» = 48.27 2.
The corresponding microstrip line widths considering the substrate
mentioned above are W,,; = 1.6mm and W, = 3.11mm. From
Equations (2) and (3), the electrical lengths are l,;,1 = ;2 = 60°, where
f1 is the reference frequency. The corresponding physical lengths are
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Port 1

Figure 5. The layout of the designed dual-frequency BPD using TLT
sections (All dimensions are in mm).

lm1 = 55.19mm and l,,,o = 53.69mm. Figure 5 represents the layout
of the designed dual-frequency BPD using TLT sections.

Figure 6 presents the simulation results of this dual-frequency 3-
way BPD. Dual-frequency operation with center frequencies around
0.5GHz and 1GHz is clearly seen. As shown in Figure 6(a), good
input port matching is achieved with S1; below —20dB at the design
frequencies. Figures 6(b) and 6(c) show the transmission parameters
(S12 and Si3). Since the BPD is an equal split power divider, the
simulated values are close to the theoretical value of —4.77dB at
the design frequencies. The small differences are due to losses and
discontinuities shown in Figure 5. It is worth mentioning here that
because of the symmetry of the structure, Si4 is the same as Sio.

4.2. Example 2: Dual-Frequency BPD Using T-Shaped
Matching Network

Incorporating the dual frequency T-shaped matching network into
the modified 3-way BPD and making use of Equations (7)—(11), the
following design parameters are obtained: Z,,o = 33.33(2 and Z,,3 =
50€2. Their corresponding microstrip line widths are W,,2 = 5.45 mm
and Wy3 = 2.94mm, respectively. The electrical lengths of the
designed sections are found to be 6,,5(y,) = 60° and 6,35,y = 120°,
with physical lengths of [, = 52.26 mm and [,,3 = 107.66 mm,
respectively. Figure 7 shows the layout of the designed dual-frequency
3-way BPD using the T-shaped matching network.

Figure 8 presents the simulation results of this dual-frequency 3-
way BPD. Figure 8(a) shows that very good input port matching is
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Figure 6. The simulation results for the dual-frequency 3-way BPD

shown in Figure 5.
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Figure 7. The layout of the designed dual-frequency BPD using T-
shaped matching network (All dimensions are in mm).
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obtained around the design frequencies, while Figures 8(b) and 8(c)
show that the values of the transmission scattering parameters at the
design frequencies are close to their theoretical value of —4.77 dB.

4.3. Example 3: Dual-Frequency BPD Using w-Shaped
Matching Network

In this example, the quarter-wave sections in the BPD are replaced by
the m-shaped dual-frequency transformers. Using Equations (3), (4)
and (12)—(15), the design parameters are found to be: Z,,; = 57.73Q,
Zms = 109.8€, and Z,,3 = 63.4(). The corresponding microstrip line
widths are: W,,1 = 2.28 mm, W0 = 0.48mm, and W,,3 = 1.9mm,
respectively. The electrical lengths are l,,,1 = l;2 = I3 = 60° where f;
is the reference frequency, and the corresponding physical lengths are
lm1 = 54.43mm, [0 = 57.05mm, and l,,3 = 54.83 mm, respectively.
Figure 9 illustrates the layout of the designed dual frequency BPD
using the m-shaped matching transformer.
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Port 4 Port 3

Figure 9. The layout of the dual-frequency BPD using the w-shaped
matching network (All dimensions are in mm).

Figure 10 presents the simulation results of this dual-frequency 3-
way BPD. Again, the dual-frequency behavior is very clear, with very
good input port matching around the design frequencies. Figures 10(b)
and 10(c) show also that the transmission parameters are close to their
theoretical values at the design frequencies.

5. FABRICATED DIVIDERS AND MEASUREMENT
RESULTS

The dual-frequency BPDs, presented above, have been fabricated
using the same FR-4 substrate, mentioned earlier, and tested using
an Agilent Spectrum Analyzer (with a built-in tracking generator
extending from 0-1.5 GHz). Figures 11-13 show photographs of the
three fabricated dual-frequency dividers. From these figures, it can be
seen that the BPD that incorporates the m-shaped matching network
has the least area. Specifically, ignoring the lengths of the feeding lines,
the BPD with the two-section TLT occupies an area of approximately
35cm?, while the one with the T-shaped matching network occupies
an area of approximately 88cm?, and the one with the 7-shaped
matching network occupies an area of approximately 33 cm?. It should
be mentioned that significant reduction in the areas of the three circuits
can still be achieved by using meandered lines and /or printing the stubs
inside the empty area of the divider.

Figure 14 presents the measurement results for the dual-frequency
3-way BPD using TLT sections. These results are in good agreement
with the simulated ones shown in Figure 6. The measured matching
parameter S1; equals —25dB and —27dB at 0.5GHz and 1GHz,
respectively, and the transmission parameters are around —5dB at
the design frequencies.
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m-shaped matching network.
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Figure 11. A picture of the dual-
frequency 3-way BPD using the
two-section TLT.

Figure 12. A picture of the dual-
frequency 3-way BPD using the
T-shaped matching network.
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Figure 13. A picture of the dual-
frequency 3-way BPD using the 7-
shaped matching network.
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Figure 15. The measurement
results for the dual-frequency
BPD using T-shaped matching
network.
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Figure 14. The measurement
results for the dual-frequency
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Figure 16. The measurement

results for the dual-frequency
BPD wusing m-shaped matching
network.

Table 1. Comparison between the three BPDs.

A
Measured values S11 (dB) S12 (dB) S13 (dB) ( reQa)
cm
Frequency (GHz) 0.5 1 0.5 1 0.5 1 —
Two-section BPD | —25 —27 —-5.7 | =5.09 | =57 | =54 35
T-Shaped BPD —26.9 | —25.3 | =5.09 | —4.6 | —=5.09 | —4.9 88
m—Shaped BPD —29.1 | =27.7 | =5.01 | =5.1 | —=5.01 | —=5.1 33
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Figure 15 shows the measurement results for the dual-frequency
3-way BPD when a T-shaped matching network is used while Figure 16
shows the measurement results for the divider with w-shaped matching
network. For both dividers, input port matching parameter Sy; of
about —25dB is achieved at the design frequencies, and acceptable
transmission parameters are obtained. The discrepancies between
simulation and measurement results could be due to the connectors,
fabrication and measurement errors, and the fact that a Spectrum
Analyzer (not a Network Analyzer) was used.

Table 1 summarizes the results of the three fabricated BPDs.
From this table the fabricated BPDs reveal good performances at both
design frequencies. The m-Shaped BPD gives the least occupied PCB
area, compared to the other fabricated BPD.

6. CONCLUSION

Three dual-frequency matching networks were investigated and applied
in the design of dual-frequency modified 3-way Bagley power dividers.
Dual-frequency operation was achieved using two sections of TLTSs,
T-shaped matching network, and w-shaped matching network. Both
the full-wave simulation results and the experimental results confirmed
the dual-frequency operation of the designed dividers. Very good input
port matching and transmission responses were obtained at the design
frequencies. Differences between the simulations and measurements
results could be due to the fabrication process, and measurements
errors. Even though a 3-way BPD was only considered in this paper,
the same procedure can be applied on BPDs with any (odd) number
of output ports.
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