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Abstract—Capacitively-loaded transmission line realized us-
ing a common configuration has typically a narrow phase shift
range, so it is unusable as a phase shifter for beamforming
applications. Increasing the number of capacitors to enhance
the phase shift range is usually accompanied by an increase
in the transmission line section, resulting in a large circuit
size. This paper presents an implementation of a mirror
configuration on a capacitor-loaded microstrip line to enhance
the phase shift range. The loading capacitors are located on both
sides of the transmission line section, instead of being located on
one side. The experimental results show that when capacitances
are varied from 0.2 pF to 0.8 pF, the proposed configuration
could produce a wide phase shift range of 139.48o and a compact
circuit size of 46.4 mm × 22.5 mm. The capacitively-loaded
transmission line implemented using a mirror configuration
increases the phase shift range by 55% and reduces the circuit
size by 22% compared to the common configuration.

Index Terms—loaded-line; phase shifter; beamforming; mir-
ror configuration; capacitor.

I. INTRODUCTION

The tremendous growth of mobile phone gadgets and their
applications has resulted in a significant increase in wireless
data traffic. In order to satisfy the demand, the capacity of
wireless communication network must be further expanded.
However, active subscriber movement and interference issues
arise, especially in femtocell-based networks [1], yielding
in degraded signal quality and reduced system throughput.
To overcome this challenge, beamforming phased-array an-
tennas [2] emerge as a potential candidate for emerging
wireless communication networks as they have the ability
to generate a large number of directional beams and point
them in the direction of the macrocell and femtocell users,
leading to an enhanced signal to interference plus noise ratio
(SINR). Phase shifters are essential for multibeam antennas
to provide phase differences among adjacent array elements.
However, they must satisfy the stringent requirements, i.e.,
continuously tunable phase, simple control circuit, negligible
direct current (DC) energy consumption, and low-cost.

During the last decade, passive phase shifters have been
designed using different configurations such as switched
line, reflection type, and loaded line. Switched-based
phase shifters provide non-continuous phase shifts. Whilst

reflection-based phase shifters enable continuous phase
shifts, however their circuit dimensions are typically large
due to the use of couplers, especially at low frequencies.
The loaded-line configurations are commonly comprised
of high-impedance line sections and capacitors with vari-
able capacitance. Different phase shifts can be obtained
by varying the capacitances, which can be realized by
complementary-metal-oxide-semiconductor (CMOS), micro-
electro-mechanical-system (MEMS), and ferroelectric tech-
nologies. Varactors are frequently used as capacitive elements
since they feature fast-switching times, light weight, and low
cost [3]. The varactor-loaded line configuration has several
desirable features satisfying the requirements for passive
beamforming antenna applications. It provides continuous
phase shift with only requiring a single control/biased line,
and the circuit consumes insignificant DC power.

Loaded-line configurations could be implemented by many
types of lines, such as coplanar waveguides (CPW) [4],
[5], lumped elements [6], metamaterials [7], [8], and half-
mode substrate integrated waveguide (HMSIW) [9]. Among
the aforementioned lines, CPW is typically applied for
loaded-line structures as both signal and ground lines are
on the same plane, which makes easier in the implemen-
tation. However, loaded-CPW phase shifters occupy signi-
ficant resources leading to high-cost implementation. Sever-
al loaded-microstrip line phase shifters have been realized
using common configuration [10]–[12], unfortunately their
phase shifting ranges were limited. In the current work, a
mirror configuration is adopted to broaden the phase shifting
range of a capacitively-loaded transmission line. Loading
capacitors are located on both sides of the transmission
line section, instead of only being located on one side. It
will be demonstrated that capacitively-loaded transmission
line using a mirror configuration can generate a broader
phase shift range compared to the common configuration
while preserving a good match over the entire bandwidth
coverage. In addition, a compact circuit size is also presented.
Section II discusses capacitively-loaded transmission line
theory and configuration. Section III describes fabrication
and measurement. Section IV provides concluding remarks.

156978-1-6654-9927-9/22/$31.00 ©2022 IEEE APCC 2022



II. CAPACITIVELY-LOADED TRANSMISSION LINE

A. Theoretical Analysis

Fig. 1(a) depicts a schematic of capacitively-loaded trans-
mission line which consists of a number of transmission line
sections with the line length of θ, line impedance of Z, and
loaded by capacitors with capacitance of C. The structure can
be considered as a cascaded arrangement of capacitors and
transmission line sections. The transmission matrix of such
arrangement can be determined by multiplying transmission
matrices of the capacitor and the line section. For the case of
three cascaded arrangements, i.e., four capacitors and three
line sections, the transmission matrix of capacitively-loaded
transmission line can be written as (1).
[
A B
C D

]
=
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1 0

jωC 1

] [ cos θ jZ sin θ
j sin θ

Z
cos θ

]

[
1 0
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1 0
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1 0

jωC 1
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(1)

As is already known that the configuration of loaded
transmission line is basically a periodic structure that has a
cut-off frequency [13]. For working frequencies much lower
than the cut-off frequency, the matrix in (1) equals to a
transmission matrix of unloaded transmission line depicted
in Fig. 1(b) which is given by (2) [14].

[
A0 B0

C0 D0

]
=




cos θ0 jZ0 sin θ0
j sin θ0
Z0

cos θ0


 (2)

where Z0 is line impedance and θ0 is electrical length of
unloaded transmission line. By equating (1) and (2), the
relationship between loaded line parameters can be obtained.
For the case of three cascaded arrangements, the relationship
of θ0 can be expressed in (3).

θ0 = arcsin

[
Z sin θ

Z0
(CZω sin θ − 2 cos θ)2 − 1

]
(3)

From (3), it is obviously seen that the controllable θ0 with
constant Z0 can be achieved by varying the capacitance.
Based on this property, the capacitively-loaded transmission
line can be used to construct a tunable phase shifter.

Fig. 2(a) illustrates a schematic of capacitively-loaded
transmission line with three cascaded arrangements. The
schematic is symmetric with respect to PP’ plane, and hence
the even-odd mode method can be applied to determine the s-
cattering parameters. The corresponding even- and odd-mode
networks are depicted in Figs. 2(b) and 2(c), respectively.
For both modes, the even input impedance (Zeven) and the
odd input impedance (Zodd) can be written as (4) and (5),
respectively.

(a)

(b)

Fig. 1. Schematic of (a) capacitively-loaded transmission line, (b) unloaded
transmission line.

(a)

(b)

(c)

Fig. 2. Schematic of (a) Capacitively-loaded transmission line with three
line section and four capacitor, (b) even-mode of (a), (b) odd-mode of (a).

Zeven = (1/jωC)||Z (1/jωC) + jZ tan(θ)

Z + j(1/ωC) tan(θ)
(4)

Zodd=
( 1

jωC

)
||Z [(1/jωC)||jZ tan(0.5θ)]+jZtan(θ)

Z+j[(1/jωC)||jZtan(0.5θ)]tan(θ)
(5)

Based on the even- and odd- impedances in (4) and (5),
the reflection coefficients of even- and odd-mode can be
calculated as given by (6) and (7), respectively.

Γeven =
Zeven − Zport

Zeven + Zport
(6)

Γodd =
Zodd − Zport

Zodd + Zport
(7)

where Zport is a port impedance of 50 Ω. Furthermore,
the scattering parameters of capacitively-loaded transmission
line in Fig. 2(a) can be calculated using (8) and (9).
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S11 = S22 = 0.5(Γeven + Γodd) (8)

S21 = S12 = 0.5(Γeven − Γodd) (9)

B. Common Configuration

Fig. 3 depicts the layout of capacitively-loaded microstrip
line designed using a common configuration which consists
of four loading capacitors and three high-impedance line
sections. In this configuration, loading capacitors are located
on one side of microstrip line sections. Here, a via hole is
utilized to connect each capacitor to the groundplane. The
configuration is deployed on a 1.6 mm thick FR4 epoxy
dielectric substrate with the relative permittivity of 4.3 and
the loss tangent of 0.02. The characteristic impedance and
the electrical length of microstrip line section are set to be
75 Ω and 60o, respectively. Meanwhile the capacitance of
loading capacitors is varied in the range of 0.2 pF–0.8 pF.
The optimized layout dimensions of common configuration
are tabulated in Table I.

The simulation results of scattering parameters, including
phase shift, insertion loss, and return loss of the common
configuration are plotted in Figs. 4–6. As shown in Fig. 4,
the phase shift range is 86o at the frequency of 2.4 GHz.
Meanwhile, the minimum insertion loss and the variation
of insertion loss as depicted in Fig. 5 are 1.2 dB and 0.7
dB, respectively. It is seen that the return losses are better
than 10 dB in a frequency range from 1.9 GHz to 2.9 GHz,
as indicated in Fig. 6. Although the common configuration
achieved a good insertion loss and return loss, however the
phase shift range is narrow for the desired application.

Fig. 3. Layout of capacitively-loaded microstrip line designed using
common configuration.

TABLE I
OPTIMIZED LAYOUT DIMENSIONS OF COMMON CONFIGURATION.

Parameter Dimension (mm)
Length of microstrip line section 11.2

Width of microstrip line section 1.4

Length of capacitor pad 1.2

Width of capacitor pad 1.25

Length of via 1.65

Width of via 1.65

Diameter of hole 0.7

Fig. 4. Simulated phase response of common configuration.

Fig. 5. Simulated insertion losses of common configuration.

Fig. 6. Simulated return losses of common configuration.
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C. Proposed Configuration

The schematic of proposed capacitor-based transmission
line is shown in Fig. 7. The mirror configuration in [15],
[16] is applied to increase the phase shifting range in the
frequency band of operation. In contrast to the common
configuration, loading capacitors are located on both sides
of the transmission line section. The design procedure in [3]
is adopted to achieve low insertion loss and less variation of
insertion loss at the desired operation frequency.

Fig. 8 shows the layout of proposed phase shifter designed
using mirror configuration. Similar to the common configu-
ration, the proposed transmission line structure was designed
on an FR4 epoxy dielectric substrate with the thickness of
1.6 mm. The width and length of microstrip line section are
1.4 mm and 8.6 mm, respectively, which correspond to the
characteristic impedance (Z) of 75 Ω and the electrical length
(θ) of 45.6o, respectively. The diameter of each via hole is
set to be 0.7 mm, and a square patch on the top of via has
the size of 1.65 mm.

The proposed configuration has been simulated in the
frequency range from 1.9 GHz to 2.9 GHz. The capacitor
pad is represented as a rectangular patch with the length of
1.2 mm and the width of 1.25 mm, which corresponds to the
footprint of 0805 surface-mount device (SMD) component.
The simulations were performed for a range of capacitance
from 0.2 pF–0.8 pF, which correlates to a capacitance range
of MA46H120 type varactor diode [17]. The dimensions
of microstrip line section are optimized for gaining the
maximum phase shift range and the minimum insertion loss
when the capacitance is varied. The optimum dimensions of
proposed layout configuration are listed in Table II.

Fig. 7. Schematic of capacitor-based transmission line using mirror config-
uration.

Fig. 8. Layout of proposed phase shifter designed based on capacitively-
loaded transmission line using mirror configuration.

TABLE II
OPTIMUM DIMENSIONS OF PROPOSED CONFIGURATION.

Parameter Dimension (mm)
Length of microstrip line section 8.6

Width of microstrip line section 1.4

Length of patch 1.65

Width of patch 1.65

Length of capacitor pad 1.2

Width of capacitor pad 1.25

Length of via 1.65

Width of via 1.65

Diameter of via hole 0.7

III. CIRCUIT FABRICATION AND MEASUREMENT

Fig. 9 depicts the fabricated phase shifter realized based
on capacitively-loaded transmission line using the proposed
configuration. It was implemented on an FR4 epoxy dielec-
tric substrate with the thickness of 1.6 mm. High-frequency
multilayer ceramic capacitors (MLCC) from Murata Elec-
tronics are used as variable capacitors. A 50 Ω connector
is attached and soldered at each port of the realized phase
shifter for characteristics measurement. A Cobalt C1220
vector network analyzer (VNA) from Copper Mountain Tech-
nologies is utilized for measuring its characteristics. Some
key parameters, including transmission phase, insertion loss,
and return loss, are measured for a 0.2 pF–0.8 pF capacitance
range over a 1.9 GHz–2.9 GHz frequency range. The results
of measurement and simulation are plotted in Figs. 10–12.

As shown in Fig. 10, the measured and simulated phase
responses are consistent each other across the frequency
range of observations. At the frequency of 2.4 GHz, when the
capacitance is varied from 0.2 pF to 0.8 pF, the measured
phase changes from 91.14o to –48.34o, which corresponds
to a 139.48o phase shift range, while the simulated phase
changes from 95.34o to –37.75o, resulting in a 133.10o

phase shift range. There is a slight discrepancy between the
measured and simulated results which are mainly due to the
capacitance offset. The greater the capacitance, the greater
the phase difference. For the same capacitance tolerance, the
greater the capacitance, the greater the capacitance offset.
Moreover, the connectors attached at the input and output
ports for the measurement could also lead to a phase leg.

Fig. 9. Fabricated phase shifter realized based on capacitively-loaded
transmission line using mirror configuration.
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Fig. 10. Comparison of measured and simulated phase responses.

Fig. 11. Comparison of measured and simulated insertion losses.

Fig. 12. Comparison of measured and simulated return losses.

TABLE III
PERFORMANCES OF PHASE SHIFTER AT 2.4 GHZ USING PROPOSED

CONFIGURATION.

Parameter Measurement Simulation
Phase shift range (o) 139.48 133.10

Maximum insertion loss (dB) 0.52 0.62

Insertion loss variation (dB) 0.2 0.3

Return loss (dB) 15.33 15.53

Fractional bandwidth (%) 22.08 21.05

Fig. 11 depicts the comparison of measured and simulated
insertion losses across the frequency observations. There
is good agreement between measurement and simulation
results. The maximum insertion loss is about 3 dB in the
frequency range from 1.9 GHz to 2.9 GHz. As expected, the
variation of minimum insertion losses occurred around the
center frequency of 2.4 GHz. It shows that the measured
results at the frequency of 2.4 GHz indicate minimum
and maximum insertion losses of 0.32 dB and 0.52 dB,
respectively, which corresponds to a 0.2 dB insertion loss
variation. Whilst the simulated results have a 0.3 dB insertion
loss variation from a minimum of 0.32 dB to a maximum
of 0.62 dB. A slight difference between measurement and
simulation results is possibly attributed to connector losses
and fabrication tolerance.

Furthermore, the comparison of measured and simulated
return losses across the frequency observation is plotted in
Fig. 12. The measured return losses are less than –10 dB
over a 530 MHz bandwidth ranging from 2.06 GHz to 2.59
GHz, which correlates to a 22.08% fractional bandwidth.
Whereas the simulated return losses are less than –10 dB
over a 510 MHz bandwidth ranging from 2.06 GHz to 2.57
GHz, which corresponds to a 21.25% fractional bandwidth.
At the frequency of 2.4 GHz, the measured and simulated
return losses are 15.33 dB and 15.53 dB, respectively. Table
III compares the results of measurement and simulation for
several key performance metrics of phase shifter. It is clear
that a capacitively-loaded transmission line implemented
with a mirror configuration could achieve a wide phase shift
range, low insertion loss, low variation of insertion loss, and
good match over a wide bandwidth response.

IV. CONCLUSION

A compact phase shifter developed based on capacitively-
loaded transmission line using a mirror configuration has
been presented. To enhance the phase shift range while
preserving the circuit size, loading capacitors are located on
both sides of the transmission line sections. A prototype of
phase shifter operating at the frequency of 2.4 GHz has been
realized and characterized for experimental verification. The
measurements have indicated that the proposed configuration
yielded a 55% greater phase shift range and a 22% smaller
circuit size compared to the common configuration. The in-
sertion loss, the variation of insertion loss, and the bandwidth
response were comparable for both configurations.
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