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Analysis and Design of Compact Ultra-Wideband
In-Phase/Out-of-Phase Power Dividers

Huy Ho-Sy-Nhat, Khac Kiem Nguyen, and Son Xuat Ta*

Abstract—This paper presents the analysis and design of in-phase/out-of-phase power dividers with
compact-size and ultra-wideband characteristics. The proposed designs are composed of a T-junction
microstrip (MS)-to-slotline power divider with a shorting via and two slotline-to-MS transitions. The
phase response at the outputs can be controlled by arranging the MS-line direction of the transition, i.e.,
the same direction results in the in-phase, whereas the opposite MS-line directions reverse the electrical
field, thus resulting in the out-of-phase. Thanks to utilizing the MS-to-slotline power divider and circular
slots and circular stubs at the transitions, the proposed structures achieve ultra-wide bandwidth and
compact size simultaneously. The dividers are theoretically analyzed using transmission-line equivalent
circuit, and then verified computationally and experimentally. Simulation and measurement indicate
that the proposed power dividers yield ultra-wideband performance across 1.2–11.0GHz (∼ 160%) with
magnitude difference ±0.5 dB and phase difference ±5◦ at the outputs. As an example of application,
a differential-fed Vivaldi antenna fed by the proposed out-of-phase power divider is implemented. The
antenna yields a 160% bandwidth (1.2–11.0GHz) for 10-dB return loss and a stable end-fire radiation
within the whole impedance bandwidth.

1. INTRODUCTION

Power divider (PD), also known as a power splitter, is one of the fundamental microwave passive
components involved in the wireless communication system [1]. Its function is to divide the initial
signal into a number of signals with less power depending on the division ratio. For the output signals,
there are two main aspects to be focused on: magnitude and phase responses. Due to the different types
of phase responses at the outputs, the PDs can be classified as in-phase (0◦), quadrature (90◦), and
out-of-phase (180◦) types. As the magnitude and phase difference relationships can be modified within
different configurations, such components are widely integrated in various parts of the wireless systems
such as RF front ends, antenna feeding structures, power amplifiers, and mixers. To improve the data
rate and capacity of wireless systems, all the involved components are required to yield a wide or even
ultra-wide bandwidth [2], thus the PDs with ultra-wideband performance are indeed required to fulfill
this demand.

To implement the wide-band PDs, the primary aim is to realize a wide-band transition between the
input and outputs. The earliest literatures revolved Wilkinson power dividers by adding the combination
of multi-stage and stepped impedance transmission lines [3–6]. These designs are capable of wide
bandwidth, but their configurations are complex and require large layout areas. Another approach
is to employ the strong coupling between different transmission-lines, such as microstrip (MS)-to-slot
lines or slot-to-MS lines with closely placed locations [7–10]. The coupled-line designs can reduce
the circuit’s size while maintaining the wide-band characteristics. By inheriting the features of these
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transitions, several PDs [11–17] have been proposed for wideband wireless communication systems.
Other techniques, such as substrate integrated waveguide loaded slots [18], parallel-coupled MS lines [19],
and multilayer MS-to-slot transition [20], have been utilized to implement the wideband PDs. Most
of the aforementioned PDs, however, yield only one type of phase response (i.e., either in-phase or
out-of-phase) at the outputs. Also, the operational bandwidths of some previous PDs [11, 16, 18, 19],
which are less than 60%, could be insufficient for the ultra-wide bandwidth applications [2].

In this paper, the analysis and design of compact PDs with in-phase/out-of-phase and ultra-wide
bandwidth are presented. The proposed designs utilize MS-to-slotline transition technology, including
T-junction MS-to-slotline PD and slot-to-MS transition, to achieve compact-size and wideband at the
same time. The phase responses at the outputs are controlled by arranging the MS-line directions of
the slot-to-MS transitions. The features of the proposed PDs are first analyzed by using transmission-
line equivalent circuits and then verified via ANSYS Electronic Desktop and experiments. Finally, for
illustrating an example of application, a differential-fed Vivaldi antenna fed by the proposed out-of-phase
PD is implemented for an ultra-wide bandwidth and a stable end-fire radiation.

2. ANALYSIS AND DESIGN OF IN-PHASE/OUT-OF-PHASE POWER DIVIDERS

2.1. Geometry

The geometry of the proposed PDs is illustrated in Fig. 1. The designs are printed on both sides of
RO4003 substrates (εr = 3.38, thickness of 0.8128mm, and tan δ = 0.0027). The proposed PDs consist
of a T-junction MS-to-slotline PD with a shorting-via and two slot-to-MS line transitions with circular
slots and circular stubs. With these circular slot/stub realizations, the slot-to-MS line transition can
obtain optimal bandwidth while maintaining the fabrication feasibility [10]. The MS lines and circular
stubs are built on the topsides of the substrates, while the slotlines and circular slots are etched on the
bottom-sides of the substrates. The input and outputs are MS-lines with characteristic impedance of
50-Ohm. The phase responses at the outputs are controlled by arranging the MS-line direction of the
transition. As shown in Fig. 1, the output MS-lines of the in-phase PD have the same direction, whereas
those of the out-of-phase PD have opposite directions. Both designs are optimized for a compact size
and ultra-wide operational bandwidth. Their parameters are as follows: Wms1 = 1.75, Ls1 = 3, Ls2 = 5,
Ls3 = 10, L1 = 15.4, L2 = 10.4, s = 0.2, D = 7.4 (unit: mm).
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Figure 1. Geometry of the proposed power divider.

2.2. Analysis

Each proposed PD consists of a T-junction MS-to-slot line PD and two slot-to-MS transitions. For
analyzing the operational mechanism, the PD and transitions are modeled using transmission line
equivalent circuits as given in Figs. 2 and 3, respectively. As illustrated in Fig. 2, the T-junction PD
can be considered as a three-port transformer [21], i.e., the input signal from the MS-line is equally
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Figure 2. Transmission line equivalent circuit of the T-junction MS-to-slot line power divider.
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Figure 3. Transmission line equivalent circuit of the slot-to-MS line transition.

divided into balanced signals at the two slotlines through the MS-to-slot coupling, which is realized by
using a shorted via. The input signal is divided into two output signals with a ratio of N1 expressed by:

N1 = Zs/Zm1 (1)

where Zs and Zm1 are the characteristic impedances of the slotline and MS-line, respectively. The equal
power divider needs N1 = 2, and consequently, Zs = 2Zm1. As shown in Fig. 3, the MS-to-slotline
transition can be modeled using the magnetic coupling transition [10]. The circular slot is modeled
using a series inductive load and stub with inductance Ls and electrical length θss. The circular MS
stub is modeled using a series capacitive load and stub with capacitance Cm and electrical length θom.
With a suitable diameter of the circular slot and stub, i.e., D of about 4Wms,, the values of Ls and Cm

can be neglected [15], while the values of θss and θom can be chosen about a quarter-wavelength at the
center frequency of 6.0GHz. At the transitions, the signal transits from the slotline to the MS line with
the transformer ratio of N2 [15], which is expressed by:

N2
2 = Zm2/Zs (2)

where Zm2 and Zs are the characteristic impedances of the output MS line and the slotline, respectively.
Using the equivalent circuits in Figs. 2 and 3, the proposed in-phase/out-of-phase PDs can

be modeled by transmission-line equivalent circuits, as shown in Fig. 4. The two schematics are
characterized by using Keysight Advanced Design System (ADS). To model the out-of-phase response,
the electrical fields at the output MS-lines are assigned with different directions, as shown in Fig. 4(b).
For all calculated frequencies, the input/output MS-lines have the characteristic impedance of Zm1 =
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Figure 4. Transmission line equivalent circuit of the in-phase/out-of-phase power dividers.

Zm2 = 50-Ω. Since the ADS software does not provide the slotline model, the slotlines are modeled as
the MS-lines in the equivalent circuits. To mitigate the fabrication errors, the slotlines with s = 0.2mm
are fixed. On the other hand, the characteristic impedance of the slotline is dependent on the frequency
[22]. Accordingly, in the ADS calculations, the Zs, N1, and N2 values are adapted for each frequency,
as listed in Table 1. The ADS calculated results of the two equivalent circuits are given in Fig. 5.
The ADS calculations indicate that the two PDs theoretically achieve perfect performances, i.e., at all
calculated frequencies, the reflection coefficients at the input ports (|S11|) < −12 dB, equally divided
powers (|S21| = |S31|), the phase differences (ang S21–ang S31) of 0◦ and 180◦ for the in-phase and
out-of-phase designs, respectively.

Table 1. Slotline impedances (Zs), divided ratio (N1), and transformer ratio (N2) of the equivalent
circuits for different frequencies in the ADS calculations.

Freq. (GHz) 1 2 3 4 5 6 7 8 9 10 11

Zs (Ω) 77.0 84.8 85.5 88.6 91.3 93.7 95.9 97.9 99.8 101.7 103.4

N1 1.54 1.63 1.71 1.76 1.82 1.87 1.91 1.96 1.99 2.02 2.06

N2 0.80 0.78 0.76 0.75 0.74 0.73 0.72 0.71 0.7 0.68 0.69

2.3. Simulation and Measurement Results

To verify the theoretical results obtained by using the equivalent circuits, the proposed in-phase/out-
of-phase PDs are characterized using the full-wave simulator of ANSYS Electronics Desktop, and then
fabricated and tested. Their simulated and measured results are given in Figs. 6 and 7. The prototypes
[Figs. 6(a) and 7(a)] are realized on the 40mm × 50mm RO4003 pieces with a copper sheet of 0.5-Oz
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Figure 5. ADS calculated results of the transmission-line equivalent circuits: (a) S-parameters; phase
and magnitude differences at outputs of (b) in-phase and (c) out-of-phase power divider.
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Figure 6. (a) Fabricated prototype of in-phase power dividers and its simulated and measured results:
(b) S-parameters and (c) phase and magnitude differences at the outputs.
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thickness using printed circuit board (PCB) technology. Sub-Miniature version A (SMA) connectors
are used as the coaxial-to-MS transformers.

The performances of the in-phase PD are shown in Figs. 6(b) and 6(c). Both simulation and
measurement indicate that the prototype yields |S11| < −10 dB at 1.2–11.0GHz (160%), nearly equally
divided powers, and in-phase at the outputs. Nevertheless, the measured magnitude and phase
differences are ±0.5 dB and ±5◦, respectively. As shown in Fig. 7(b), the out-of-phase PD yields
|S11| < −10 dB and |S21| = |S31| from 1.2–11.0GHz (160%). As shown in Fig. 7(c), the measurements
result in magnitude and phase differences at the outputs of ±0.5 dB and 180 ± 3.5◦, respectively.
From Figs. 6(c) and 7(c), the measured magnitude and phase differences at the outputs are greater
than the simulated values, which could be attributed to the effects of SMA connectors and fabrication
imperfection.
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Figure 7. (a) Fabricated prototype of out-of-phase power dividers and its simulated and measured
results: (b) S-parameters and (c) phase and magnitude differences at the outputs.

2.4. Comparison

A comparison between the proposed power dividers and the related priors is given in Table 2. For a
fair comparison, all designs are implemented on the single-layer substrates and can be easily fabricated
using the PCB technology. It is observed that the proposed designs yield a more compact size, wider
operational bandwidth, and comparable differences at the outputs relative to the previous works.

3. ULTRA-WIDEBAND VIVALDI ANTENNA USING OUT-OF-PHASE POWER
DIVIDER

For illustrating an application example of the proposed PDs, in this section, a differential-fed Vivaldi
antenna using the out-of-phase PD is designed, realized, and tested. The Vivaldi antenna is selected due
to its simple configuration, ultra-wide bandwidth, and stable end-fire radiation [23–27]. Some Vivaldi
antennas, e.g., [23–25], are composed of radiating flares printed on different-sides of the substrate, which
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Table 2. Comparison between the proposed PDs and the priors.

Designs
Dimension

(λ2
min)

Bandwidth

(%)

Magnitude

difference (dB)

Phase difference

(◦)

Proposed

In-phase design
0.2× 0.16 160.0 ±0.5 ±5◦

Proposed

out-of-phase design
0.2× 0.16 160.0 ±0.5 180◦ ± 3.5◦

[11] 0.26× 0.20 57.1 ±0.5 ±5◦

[12] 0.31× 0.25 109.5 ±0.5 180◦ ± 2.5◦

[13] 0.24× 0.19 109.7 ±0.5 180◦ ± 2.4◦

[14] 0.22× 0.28 100.0 ±1.0 80◦ ± 2◦

[15] 0.30 × 0.41 136.8 ±0.5 180◦ ± 5◦

[16] 1.10 × 0.66 48.1 Not mentioned 180◦ ± 5◦

[17] Not mentioned 141.5 ±1.05 180◦ ± 5◦

[18] 1.45 ×1.45 56.0 ±0.8 Not mentioned

[19] 0.25 × 0.25 57.0 ±0.5 ±2.5◦

λmin is the free-space wavelength referring to the lowest operational frequency.

could cause a high cross-polarization level. This problem can be solved by using a differential-fed Vivaldi
antenna with radiating flares symmetrically printed on the same plane [26, 27]. This differential-feed is
realized by using two balanced signals with the same magnitude and 180◦ phase difference, which are
mainly challenging to fulfill ultra-wide frequency range. Accordingly, the proposed out-of-phase PD is
a good candidate to overcome this challenge.

3.1. Antenna Geometry

Figure 8 illustrates the geometry of Vivaldi antenna fed by an out-of-phase PD. It consists of two
radiating flares symmetrically printed on the topside of the RO4003 substrate (εr = 3.38, thickness of
0.8128mm, and tan δ = 0.0027). The two flares are connected to the output MS lines of the proposed
out-of-phase PD. At the starting points, the flares have strip-width of 0.2-mm and gap of 0.2-mm. Each
flare is shaped regarding the inner and outer curves, as shown in Fig. 8. The inner curves can be divided
into two main parts, i.e., Section 1 and Section 2. The exponential curve of Section 1 is defined by the
following parametric equation in the y-z plane:

λcenter

2
< Win <

λmin

2
(3)

y = ±
(
C1e

−z + C2

)
(4)

C1 =
y2 − y1
ez2 − ez1

(5)

C2 =
y1e

Az2 − y2e
z1

eAz2 − eAz1
(6)

where the opening width (Win) is chosen in the range in (3) according to the design guideline for the
Vivaldi antenna in [23]. The curve positions are limited by the starting points (z1, ±y1) and ending
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points (z2, ±y2), regarding the origin (0, 0). The position points are given by:

(z2, y2) =

{
y2 =

(W −Win)

2
z2 = 0

(7)

(z1, y1) =

 y1 =
(W −Wm)

2
z1 = Lin + Lout − Lm

(8)

On the other hand, Section 2 can be realized as a reversed isosceles triangle with the base’s length (Wm)
and height (Lm). The outer curve (Section 3) is formed in a quarter of an ellipse with minor (Lout) and
major (Wout) radii, here, Wout = 1.85Lout. The antenna is characterized via the ANSYS Electronics
Desktop for an ultra-wideband operation and a stable end-fire radiation. To adapt the radiating flares,
the out-of-phase PD is slightly modified as compared to the prototype given in Fig. 7. Referring to
Figs. 1 and 8, the final design parameters of the Vivaldi antenna are as follows: Win = 58, Lin = 89,
Wout = 59.2, Lout = 32, Wm = 11.2, Lg = 29, Wms = 1.75, Ls1 = 3, Ls2 = 5, Ls3 = 10, L1 = 15.4,
L2 = 10.4, s = 0.2, D = 7.4 (unit: mm).

Lin

Lout

Lg

Wm

Wout

Win

Lm

(z1,y1)

(z2,y2)

Section 1

Section 2

Section 3

(0,0)

y

z

Out-of-phase PD

Figure 8. Geometry of differential-fed Vivaldi antenna fed by out-of-phase power divider.

3.2. Simulation and Measurement Results

The Vivaldi antenna fed by out-of-phase PD has been fabricated and measured. Fig. 9(a) shows the
fabricated antenna prototype with measuring dimension of 150mm × 98mm (0.58λmin × 0.38λmin,
where λmin is the wavelength at the lowest operational frequency). Fig. 9(b) depicts the measured and
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simulated |S11| values of the antenna prototype. There is a good agreement between the simulation
and measurement, and both indicate that the antenna prototype achieves an ultra-wide bandwidth,
i.e., the simulated and measured |S11| values are less than −10 dB at 1.2–11.0GHz (160%). There is a
minor breach where the measured |S11| is slightly greater than −10 dB around 1.8GHz, which could be
attributed to the fabrication tolerances.

Figure 9(b) also illustrates the simulated realized gain of the antenna prototype. It is observed
that the antenna yields a small gain variation within a wide frequency range. Its 3-dB gain bandwidth
is 123% (2.5–10.5GHz), and the peak gain is 10.5 dBi. Moreover, the simulations indicate that the
antenna achieves a table end-fire radiation within the impedance matching bandwidth. For brevity,
Fig. 10 only shows the normalized radiation patterns at 2, 6, and 10GHz. At all the frequencies, the
antenna yields a highly symmetrical pattern, high front-to-back ratio, and low cross-polarization level
at the end-fire direction.
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Figure 9. (a) Fabricated prototype of the Vivaldi antenna and (b) its |S11| and realized gain.
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Figure 10. Simulated normalized radiation pattern of the Vivaldi antenna.

4. CONCLUSION

The paper has described the analysis and design of compact in-phase and out-of-phase PDs with ultra-
wideband characteristic. Their basic configuration consists of an MS-to-slotline PD with a shorting-via
and two slotline-to-MS transitions with circular slots and stubs, which allow the ultra-wide bandwidth
and compact size at the same time. Their features are first analyzed by using a transmission-line
equivalent circuit and then validated computationally and experimentally. The final PD prototypes
with size of 0.2λmin × 0.16λmin achieve an operational bandwidth of 1.2–11.0GHz (160%) with the
magnitude difference of ±0.5 dB and phase difference of ±5◦ at the outputs. With the advantages of
compact size, simple configuration, wideband, and in-phase/out-of-phase, the proposed PDs can be
widely used in ultra-wideband applications. For an example of application, a differential-fed Vivaldi
antenna using the proposed out-of-phase power divider is designed, fabricated, and measured. The
antenna prototype achieves an impedance bandwidth of 160% (1.2–11.0GHz) and a stable end-fire
radiation with 3-dB gain bandwidth of 123% (2.5–10.5GHz) and the peak gain of 10.5 dBi.
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