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A Design of Quasi-Arbitrary Phase Difference Unequal Microstrip

Power Divider
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Abstract—An unequal power divider which features quasi-arbitrary output phase difference is proposed
in this paper. The circuit consists of four microstrip lines and a resister. By the even- and odd-mode
analysis technique, the closed-form design equations of this structure are derived. The characteristic
impedances, electrical length and bandwidth variations with power division ratio and phase difference are
analyzed. For proving its validity, a prototype with this proposed structure is designed and implemented
at 1GHz. The results of simulation and measurement show that the proposed power divider can
effectively produce two outputs with controllable power division and phase difference.

1. INTRODUCTION

Power divider is one of the essential building blocks used in microwave and millimeter-wave systems to
provide arbitrary power division outputs with constant phase difference [1–3]. Its characteristic allows
it to be widely applied in feeding networks of antennas and high-efficient power amplifiers [4, 5]. With
the development of radio frequency (RF) technology, the actual requirement for feeding networks is not
only unequal power division, but also arbitrary phase difference [6]. Recently, extensive researches about
power dividers have been focused on size reduction, high power division and dual-band applications [7–
9]. However, the output arbitrary phase difference characteristic was rarely discussed, which limits its
use.

In previous research work, a three-port power divider and phase shifters are connected to realize the
function of an unequal power divider and arbitrary phase difference, such as in Butler matrixes, amplifier
and mixer [6, 10, 11]. The main disadvantages of these phase shifters are the intolerable bandwidth
reduction and insertion loss. On the other hand, they are undesirable for miniaturization and low-cost
system. Although there are some power divider designs for 45, 90 or 180 degree phase difference [12–15],
they cannot satisfy the requirement of arbitrary phase difference for flexible applications.

In this paper, we present a quasi-arbitrary phase difference power divider. This structure is
composed of four microstrip lines and a matching resister which can be fabricated easily on a printed
circuit board (PCB) with a low cost. Under the given power division and phase difference, the circuit
parameters can be calculated by explicit design formulas. In addition, the characteristic impedances,
electrical lengths and bandwidths variations with power division ratio and phase difference are analyzed.
An experimental prototype has been designed, fabricated and measured. The measured results
agree with the simulated ones closely. The simulated and measured results demonstrate reasonable
performance of quasi-arbitrary phase difference, unequal power division, impedance matching and
isolation among the output ports.
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2. THEORY AND DESIGN EQUATIONS

Figure 1 shows a topology diagram of the proposed quasi-arbitrary phase difference power divider.
The four transmission lines are connected as a circle while three ports and the matching resister are
located in the joint points, respectively. Port 1 is input port, and ports 2 and 3 are output ports. The
corresponding characteristic impedances Zi and electrical lengths θi at the operating frequency of these
transmission lines are labeled in Figure 1 (i = a, b, c). To simplify the theoretical analysis, the structure
is designed as an axis symmetry form. Therefore, the matching resister equals the port impedance Z0,
and the circuit can be divided into even- and odd-mode equivalent subcircuits as shown in Figure 2.

Figure 1. Topology diagram of the power
divider with quasi-arbitrary power division ratio
and phase difference.
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Figure 2. (a) Even- and (b) odd-mode equivalent
subcircuits of power divider.

Under the assumption that the transmission lines are lossless, ABCD parameters of the even- and
odd-mode equivalent circuits are obtained as:
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In the above, subscripts e and o denote the even- and odd-modes, respectively. The S-parameters
of the power divider can be expressed through the normalized source inputs of the even- and odd-mode
equivalent circuits as [1]:⎧⎪⎪⎪⎪⎪⎪⎪⎨
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For rigorous design perspectives, including perfect matching (S11 = 0), ideal isolation (S32 = 0),
predefined phase difference ψ (ψ = ∠S21 − ∠S31) and power division ratio G (G = |S21|/|S31|) at the
operation frequency f0, the mathematical relationship of ABCD parameters of equivalent subcircuits
can be summarized as: ⎧⎪⎪⎪⎨
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Substituting Eqs. (1) and (2) into Eq. (4) and after some algebraic manipulation, the final design
formulas can be obtained as:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
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It is obvious that this proposed power divider is unable to realize the phase difference ψ = 0◦ and
180◦ according to Equation (5). So this structure is defined as a quasi-arbitrary phase difference power
divider. In the next section, the bandwidth performance, characteristic impedance and electrical length
variations against power division ratio and phase difference will be further analyzed.

3. ANALYSES

Having formulated power divider design in the previous section, the characteristic impedances, electrical
length and fractional bandwidth variations with the power division ratio and phase difference are
analyzed here by using Matlab software. For the prototype built on a Rogers 4350B substrate of
thickness 0.508 mm and dielectric constant 3.48, the maximum realizable characteristic impedance is
about 150 Ω for a 3mil line width. Because the port impedance Z0 is typically 50 Ω, the normalized
characteristic impedance is limited within the range from 0 to 3 to better clarify the feasible power and
phase applications. In this section, the fractional bandwidth is defined as a frequency span meeting
the following requirements simultaneously: acceptable matching and isolation (|S11| < −15 dB and
|S32| < −15 dB), within 0.7 dB amplitude imbalance (|S21|/|GS31| < ±0.7 dB) and 5◦ phase imbalance
(±5◦) for port 2 and port 3.

3.1. The Variations with Power Division Ratio

The normalized characteristic impedance, electrical length of every transmission line and bandwidth
variations with power division ratio are considered when three different phase difference outputs 60◦,
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Figure 3. (a) The normalized characteristic impedance and (b) electrical length of every transmission
line variations versus power division ratio for ψ = 60◦, 135◦, 280◦.
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135◦, 280◦ are chosen.
The normalized characteristic impedance and electrical length values varying with power division

ratio are calculated and shown in Figure 3. From Figure 3(a), it can be seen that all characteristic
impedances increase with the growth of power division ratio, and Za is always greater than Zb and Zc.
The maximum value of Zb (Zc) is Z0 when the power division ratio rises towards infinity, while the value
of Za may be beyond the limit of attainable impedance. Therefore, the attainable power division ratio
is determined by Za. On the other hand, the curves of electrical length become flat as power division
ratio increases in Figure 3(b). Due to the relationship of θb = 180◦ − θc, the curves of θb are symmetric
with θc with respect to electrical length 90◦.

Figure 4 illustrates the fractional bandwidth as a function of power division ratio, which shows
that in most cases the bandwidth increases when power division ratio increases.
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Figure 4. Bandwidth variations versus power division ratio for ψ = 60◦, 135◦, 280◦.

3.2. The Variations with Phase Difference

In this section, the normalized characteristic impedance, electrical length of every transmission line and
bandwidth variations are studied with respect to the phase difference for three power division ratios of
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Figure 5. (a) The normalized characteristic impedance and (b) electrical length of every transmission
line variations versus phase difference for G = 0dB, 4.77 dB, and 10 dB.
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G = 0dB, 4.77 dB, and 10 dB.
The normalized characteristic impedance and electrical length values are calculated and plotted in

Figure 5. As shown in Figure 5(a), the graph is symmetric against phase difference ψ = 180◦. The
maximum impedance values all occur at the point of phase difference ψ = 90◦ or 270◦. When power
division G is 10 dB, the impedance of Za is partly beyond the limit of attainable impedance so that some
phase differences cannot be realized, i.e., the available phase difference range will change with different
power-dividing ratios. By calculation, when power division is below 9.54 dB, all the phase differences
can be obtained except for 0◦ and 180◦.

In Figure 5(b), the electrical length curves of θb and θc are both periodic with the period of
ψ = 180◦. During a single period, the curves of θb are monotonically increasing while the curves of θc
are the opposite. The curves of θb are symmetric with θc not only against electrical length 90◦ but also
against phase difference ψ = 180◦. Furthermore, we can find that the higher the power division ratio
is, the higher the swing amplitude of the curves is.

The bandwidth performance versus phase difference is shown in Figure 6. It is obvious that the
period of the curves is ψ = 180◦. The maximum bandwidth values for G = 0dB, 4.77 dB, 10 dB are
18.6%, 30.5%, 39.7%, respectively, located around phase difference ψ = 90◦ or 270◦.
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Figure 6. Bandwidth variations versus phase
difference for G = 0dB, 4.77 dB, and 10 dB.

Figure 7. The photograph of the prototype.

4. EXPERIMENT

To consolidate the proposed concept experimentally, a prototype operating at 1 GHz is designed. The
allocated power division G is 2 (6.02 dB), and phase difference ψ is 60◦, which proves the capability
for quasi-arbitrary phase difference and power division. According to the above method, the design
parameters can be calculated and are listed in Table 1. The prototype has been fabricated on a
0.508 mm-thick Rogers 4350B substrate, with relative permittivity of εr = 3.48 and loss tangent of
0.003. A photograph of this prototype is shown in Figure 7.

Table 1. The design parameters of the prototype.

Za Zb Zc θa θb θc
Values 86.6 Ω 43.3 Ω 43.3 Ω 90◦ 63.4◦ 116.6◦

Figure 8 shows the comparison between the simulated and measured magnitude and phase difference
responses of the prototype using ADS software and Rohde & Schwarz ZVL vector network analyzer.
It can be observed that the measured responses are in close agreement with the simulation. At the
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Figure 8. The S-parameters of the prototype: (a) the amplitude responses and (b) the phase difference
responses.

operating frequency, the measured return losses and isolation parameters are both better than −30 dB.
The power division ratio is 5.73 dB with the insertion loss of |S21|−1.17 dB and |S31|−6.80 dB, and the
phase difference between port 2 and port 3 is 60.8◦, which is close to the target. It demonstrates that the
prototype fulfills the function of quasi-arbitrary phase difference with good power division performance
at the operating frequency. The measured fractional bandwidth is 17.1% (from 0.930 GHz to 1.101 GHz)
which is defined as |S11| < −20 dB, |S32| < −20 dB, |S21| = −1.17 dB±0.3 dB, |S31| = −6.80 dB±0.5 dB
and ∠S21 − ∠S31 = 60◦ ± 5◦.

5. CONCLUSION

A novel unequal power divider for quasi-arbitrary phase difference has been proposed in this paper.
It can be easily constructed using four microstrip lines and a matching resister. The explicit design
formulas have been derived using even-odd mode analysis. Moreover, the normalized characteristic
impedance, electrical length and bandwidth variations with power division ratio and phase difference
are analyzed by simulation. As an experimental verification, a microstrip example with power division
ratio 6.02 dB as well as 60◦ phase difference has been designed, implemented and measured. It works well
as a conventional unequal power divider at the operating frequency, meanwhile excellently outputting
assigned phase difference, which meets the requirement of quasi-arbitrary phase difference for actual
application.
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