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A Novel Reconfigurable Miniaturized Phase Shifter
for 2-D Beam Steering 2-Bit Array Applications

Jiadong Hu, Yue Li , Senior Member, and Zhijun Zhang , Fellow, IEEE

Abstract— In this letter, a novel reconfigurable 0◦/90◦ phase
shifter is proposed. Compared with the conventional phase
shifters, the proposed one uses fewer reconfigurable devices and
becomes more compact. Two states of a meander line are used to
generate the 90◦ phase shift, making it suitable for the 2-D beam
steering 2-bit array application. A phase shifter prototype on F4B
was measured to validate its design theory. Four phase states (i.e.,
0◦, 90◦, 180◦, and 270◦) are realized through the combination of
the phase shifter and the array radiation element. A 2 × 4 array
working at 1.5 GHz was fabricated and measured to verify the
performance of the proposed phase shifter. When different phase
states are switched, the measured peak gain of the array varies
from 10.6 to 11.2 dBi.

Index Terms— 2-Bit array, 2-D beam scanning, miniaturized
technology, reconfigurable phase shifter.

I. INTRODUCTION

PHASED array antennas have been widely used in radar
and other military communications, owing to its superi-

orities of high gain and fast beam steering. In recent years,
phased array antennas begin to be applied in some commercial
situations, such as navigation, remote sensing, and automotive
radar. However, the high cost of the phased array system
usually limits its application.

Many attempts have been made to reduce the system com-
plexity. The discrete phased array (or bit array) can be a good
alternative under many circumstances. In general, the discrete
phased array can be divided into three categories: space-
fed [1], [2], series-fed [3], [4] and shunt-fed bit array [5], [6].
With more array element phase states, the array gets wider
scanning range, more accurate beam steering, and lower side
lobes.

The main design challenge for shunt-fed bit array is to
include the antenna, the phase shifter, and other bias lines
in a compact unit cell, limited by the distance between array
elements (approximately 0.5 λ0). Moreover, a unit cell should
use few reconfigurable devices as possible to keep certain
phase states, which is a common requirement for bits arrays’
antenna design. In shunt-fed bit arrays, the digital phase
shifter is an important component. The common digital phase
shifter are four types: the switchable line type (SLT) [7]–[9],
the loaded line type (LLT) [10], the reflection type (RT) [11],
and the high-pass low-pass type (HPLPT) [12]. In conventional
switchable line phase shifters, two single-pole double throws
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Fig. 1. Schematic of the proposed miniaturized phase shifter.

TABLE I

DETAILED DIMENSIONS OF THE PHASE SHIFTER

(SPDTs) are needed to change its phase states, equivalent
to use four p-i-n diodes. Other types usually need fewer
reconfigurable devices but are still too large to be used in
shunt-fed 2-D bit arrays.

In this letter, a novel reconfigurable miniaturized 0◦/90◦
phase shifter for 2-D shunt-fed 2-bit array applications is
proposed. The 90◦ phase shifting is generated by switching
two states of a meander line. The proposed phase shifter uses
fewer reconfigurable devices and becomes more compact com-
pared with the conventional ones. A phase shifter prototype
at 1.5 GHz is measured for validating the design principle.
In array design, the symmetry of the radiation element is used
to generate 180◦ phase reversal, instead of delay circuits. The
radiation element is connected with the 0◦/90◦ phase shifter,
leading to 2-bit phase states’ variation. A 2 × 4 array prototype
working at 1.5 GHz was designed and measured to verify the
performance of the proposed miniaturized 0◦/90◦ phase shifter.

II. PHASE SHIFTER DESIGN AND ANALYSIS

A. Geometry

The whole structure of the phase shifter is laid out on a
single-layer F4B substrate (εr = 2.65, tanδ = 0.002) with two
panels. The configuration of the proposed 0◦/90◦ phase shifter
on the upper surface with the biasing circuit is illustrated
in Fig. 1. The proposed phase shifter is composed of a meander
line, a shorted stub, and two p-i-n diodes. The type of the p-i-n
diodes adopted in this letter is MA4SPS402. The equivalent
circuit of the adopted diode (Rs = 3 �, Rb = 85 k�, and
Cb = 0.025 pF) is also provided in Fig. 1. The other detailed
dimensions of the phase shifter are provided in Table I.
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Fig. 2. Equivalent circuits at every phase state. (a) At 0◦ state (main path).
(b) At 90◦ state (reference path).

Fig. 3. Simulated and measured phase shifts of the proposed phase shifter.

B. Operating Principle

Generally, a phase shifter has two signal paths, namely, the
main path and the reference path. In our design, the signal
passes through the main path at the 0◦ state and the reference
path at the 90◦ state. The equivalent circuits at each phase
state are provided in Fig. 2.

In the 0◦ state, the meander line acts as a transmission line
to provide phase delay. The equivalent circuit, as shown in
Fig. 2(a), can be represented by a simple transmission line with
a length around 2∗L1 and a characteristic impedance of Z1.

In the 90◦ state, two diodes effectively short-circuited the
meander line, and thus the input and output ports. In the
meanwhile, a short-circuited transmission line is attached to
the meander line. The equivalent circuit, as shown in Fig. 2(b),
can be represented by two shunt-connected transmission lines.
One is an open-circuited transmission line with a length
of L1 and characteristic impedance around Z1/2. The other
one is a short-circuited transmission line with a length of
L2 and characteristic impedance of Z2. The open-circuited
line, by itself, functions as a capacitive load at the input–
output ports. By attaching an extra short-circuited line, which
functions as an inductive load, the input–output ports can be
rematched.

As is mentioned above, the phase shifter will be matched
if the reactance of the two shunted structures is canceled.
Therefore, the working frequency f satisfies

tan

(
2π L1

v p
f

)
tan

(
2π L2

v p
f

)
= Z2

Z �
1

≈ 2Z2

Z1
(1)

where v p is the phase velocity in the substrate.
The phase shift mainly derives from the difference between

the main path and the reference path. Assumed that the phase
shift of the reference path is PR , the total phase shift P can
be roughly donated as

P ≈ 2L1 + 2W f + s

v p
· 2π f − PR ≈ 4π L1 f

v p
− PR. (2)

C. Results and Comparison

The measured results agree well with the simulated ones,
as shown in Figs. 3 and 4. It can be observed that the phase
shifter has an impedance bandwidth of 13.3% with a minimum

Fig. 4. Simulated and measured S-parameters of the proposed phase shifter.
(a) Reflection coefficient. (b) Transmission coefficient.

TABLE II

COMPARISON BETWEEN OTHER RELEVANT RESEARCHES

Fig. 5. Phase shifter simulated results with varying Rs. (a) S-parameters.
(b) Phase shift.

insertion loss of 1.5 dB and a phase shift of 90◦ ± 5◦.
It is noted that when the phase shifter is at the 0◦ state,
the simulated and measured |S11| are both below −20 dB.
In this case, the return loss is quite small and the waveform
is no longer important. A comprehensive comparison between
the proposed phase shifter and other relevant works is listed
in Table II. It can be found that the proposed phase shifter
shrinks its size by at least 50% and needs fewest reconfigurable
devices, on condition of the same phase shift. It is noted that
for the SLTs [7]–[9], the actual size should include both the
main path and the reference path. Moreover, four p-i-n diodes
(two SPDTs) are needed to switch phase states in these works.

Although the proposed phase shifter has a compact size,
the insertion loss of it is higher than most other works
in Table II. In fact, the insertion loss of the proposed
phase shifter mainly comes from the ON resistance of p-i-n
diodes (Rs). When p-i-n diodes are both at the “ON” state,
the equivalent shunted inductor and capacitance create a reso-
nance. Therefore, the ON resistance of the p-i-n diode loaded
in the loop will lead to considerable insertion loss. As shown
in Fig. 5, the insertion loss varies with Rs, while the reflec-
tion coefficients and phase shifts are not affected. Therefore,
the insertion loss can be reduced greatly by replacing other
types of p-i-n diodes with lower ON resistances.
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Fig. 6. Perspective geometry of the 2 × 4 array and the bottom view of the
unit.

Fig. 7. Photograph of the 2 × 4 2-bit array. (a) Top view. (b) Bottom view.

III. ARRAY APPLICATION

In this section, a shunt-fed 2-D 2-bit array at 1.5 GHz is
designed, simulated, and measured to validate the performance
of the proposed phase shifter in Section II.

As shown in Figs. 6 and 7, the array radiating element is
a slot-fed patch on a 1-mm-thick FR4, which is the top layer.
A pair of cross slots are etched on the patch to reduce its
size and improve isolation between the adjacent units. A piece
of 8-mm-thick Teflon (εr = 2.1, tanδ = 0.001) is set as
the middle layer. This layer is used to support the radiation
aperture and further reduce the patch size. The coupling slot
and the phase shifter are placed on the bottom layer, which is
a 1-mm-thick F4B.

The symmetry of the feeding style with two loaded p-i-n
diodes creates a 180◦ phase reversal at the radiation patch.
Thus, the 2-bit phase states (i.e., 0◦, 90◦, 180◦, and 270◦)
variation derives from the connection of the phase shifter and
the radiation patch.

In array, the distance between the adjacent array units is
0.5 λ0. Three cases of beams have been selected to validate
the 2-D beam steering performance of the array. In Case 1,
all units are in-phase and have a broadside beam toward (0◦,
0◦). In Case 2, there is a phase gradient on the xoz plane and
the beam direction is toward (0◦, 28◦). Similarly, the phase
gradient of Case 3 is on the yoz plane with beam direction
toward (90◦, 20◦).

A comparison between the simulated and measured
array reflection coefficients of different cases is presented
in Fig. 8(a).

Due to the fabrication and measurement error, the measured
working frequency has a slight shift to 1.53 GHz. The array
efficiency cannot be measured due to the limited measurement
conditions. The simulated array total efficiency is provided
in Fig. 8(b). The array total efficiency varies with different
phase states, ranging from 70% to 75% at 1.5 GHz among all
cases.

The simulated and measured array radiation patterns at
1.53 GHz of Case 1 to Case 3 are illustrated in Fig. 9.
It can be observed that the array has the beam steering ability
both in the xoz plane and the yoz plane. The measured main

Fig. 8. (a) Simulated and measured array reflection coefficients of Cases 1–3.
(b) Simulated array efficiency of Cases 1–3.

Fig. 9. Simulated and measured array radiation patterns at 1.53 GHz of
Cases 1–3. (a) xoz Plane of Case 1. (b) yoz Plane of Case 1. (c) xoz Plane
of Case 2. (d) yoz Plane of Case 2. (e) xoz Plane of Case 3. (f) yoz Plane of
Case 3.

lobes correspond well to the simulated ones at all cases. The
simulated peak gain of Cases 1–3 is 13.2, 12.5, and 12.4 dBi,
respectively. The measured peak gains are slightly lower than
the simulated ones due to some measurement errors. The
measured peak gain of Cases 1–3 is 12.1, 11.1, and 10.6 dBi
respectively. The cross-polarization level is below −15 dB in
the upper radiation space.

IV. CONCLUSION

In this letter, a novel miniaturized 0◦/90◦ phase shifter
is proposed. A meander line is used to create the phase
difference and realize impedance matching at different phase
states. Compared with other relevant works, the proposed
phase shifter has the smallest size and uses fewest p-i-n diodes.
A 2 × 4 2-bit array prototype working at 1.5 GHz is designed,
fabricated, and measured to verify the design theory of the
phase shifter. The simulated and measured results prove that
the array has the ability of 2-D beam steering.
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