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Phase Shifters With Wide Range of Phase and

Ultra-Wideband Performance Using
Stub-Loaded Coupled Structure

L. Guo and A. Abbosh, Senior Member, IEEE

Abstract—Compact planar phase shifters with wide range
of differential phase shift across ultra-wideband frequency are
proposed. To achieve that performance, the devices use broadside
coupled structure terminated with open-ended or short-ended
stubs. The theory of operation for the proposed devices is derived.
To validate the theory, several phase shifters are designed to
achieve a differential phase ranging from —180° to 180°. More-
over, three prototypes are developed and tested. The simulated
and measured results agree well with the theory and show less
than 7° phase deviation and 1.4 dB insertion loss across the band
3.1-10.6 GHz.

Index Terms—Coupler, phase shifter, ultra-wideband (UWB).

I. INTRODUCTION

HASE shifters are widely used in many microwave sys-

tems, such as phased arrays, modulators, microwave in-
strumentation and measurement systems. Different techniques
are used to build planar phase shifters with wideband perfor-
mance, such as broadside-coupled structure [1]-[4], modified
Schiffman [5], composite right/left-handed transmission lines
[6], loaded transmission lines [7], substrate integrated wave-
guide [8]-[10], double microstrip-slot transitions [11], or meta-
materials [12].

A careful inspection of the performance of the developed
phase shifters indicates that only a few of them cover the ultra-
wideband (UWB) frequency range (3.1-10.6 GHz) [1]-[4], [7],
[11]. Despite their excellent performances across almost the
whole UWB range, one section of those devices can achieve
a maximum phase shifts of 45° [1]-[3], or 90° [4], [7], [L1].
Thus, to achieve wider phase ranges, multiple sections of those
devices are to be cascaded. That approach causes an increase in
the phase deviation, insertion loss, and size.

Compact UWB phase shifters with wide range of phase shifts
(from —180° to +180°) using a single coupled structure is pre-
sented. The proposed design is a modification of [1]. A recent
modification of [1] extends the phase range to 90° on a cost of
increased insertion loss and reduced bandwidth [4]. To dramat-
ically increase the phase range by several times without nega-
tive impacts on the performance, two short-ended or open-ended
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stubs are properly designed and connected to the coupled mi-
crostrip patches. The presented design is supported via theory,
simulations and measurements.

II. THEORY

The proposed phase shifter is shown in Fig. 1. It uses two
broadside-coupled microstrip patches at the top and bottom
layer of a multilayer structure. One terminal of each of those
patches is connected to the input or output feeder, whereas the
other terminal is connected to an open- or short-ended stub.
The ground plane is located in the central layer that separates
the coupled patches. A slot is created at the ground plane to
control the coupling between the top and bottom layers.

The coupling factor of the coupled structure and dimensions
of the utilized stubs are used to control the phase of a microwave
signal passing through the proposed configuration. The structure
in Fig. 1 can be analyzed using the even-odd mode approach [1].
To include the effect of the stubs, the transmission line theory is
also used. To that end, it is possible to show that the S-parame-
ters of the device are
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C': coupling factor, which is controlled by the width of the patch
at the top and bottom layers (D),, ), and width of the slot at the
middle layer (D;) [13]-[15], Za: characteristic impedance of
the coupled line defined by the required coupling factor [13],
[15], Z: characteristic impedance of the open-ended (or short-
ended) stubs, (3, and [, : phase constant and length of the open-
ended (or short-ended) stubs, respectively, {: length of the cou-
pled line, I': reflection coefficient of the open-ended or short-
ended stubs, e,: dielectric constant of the substrate, A: free-
space wavelength, G.¢: effective phase constant in the medium
of the coupled structure.

To obtain a certain differential phase shift, a comparison is
made with a reference transmission line of 50 €2 impedance,
physical length /,,, and phase constant 3,,, . Therefore, the differ-
ential phase shift A¢ of the coupled structure with open-ended
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Fig. 1. Configuration of the proposed phase shifter. (a) Top layer, (b) middle
layer, (c) bottom layer, and (d) whole structure.
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Fig. 2. Theoretical and simulated phase shifts. Black lines: devices with short-
ended stubs, green lines: devices with open-ended stubs. Solid-lines: theory,
dash-lines: simulations.

TABLE I
CALCULATED AND OPTIMIZED DESIGN PARAMETERS

Parameter
(ohm or mm) Zst Wee L L D, Dy
—180° open- | Cal 117 02 59 72 51 73

endedstub | Opt | 117 | 02 | 63 73 | 47 7.6

—90°open- | Cal | 23 35 | 52 | 72 | 43 92
ended stub opt | 23 35 52 8.4 3.7 10.9

—90° short- | Cal 26 3 4.8 72 6.1 7.4
ended stub opt | 28 2.7 4.8 7.1 5.8 6.7

90° open- | Cal | 100 | 03 | 54 | 72 | 46 6.5
endedstub | Opt | 89 04 | 59 | 75 | 32 59

90° short- Ccal | 117 | 02 58 72 | 6.1 82
endedstub | Opt | 117 | 02 | 67 72 | 79 9.1

180°short- | Cal | 356 1 54 | 72 | 61 82
endedstub | Opt | 68 07 | 48 | 78 | 69 8.9

or short ended stubs can be calculated from (1)—(3). For a struc-
ture using certain stubs’ type, the relevant reflection coefficient
is substituted from (3) in (2). The phase of (S2;) is then calcu-
lated from the resultant equation as follows:
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Fig. 4. Simulated and measured differential phase shift for the four developed
phase shifters (shown in inset).

TABLE 11
COMPARISON BETWEEN RECENT UWB PHASE SHIFTERS
Ref Max. phase Phase Trans coeff. Size
range deviation (wavelengths)
[1] 45° 3° -1.3 0.2 x 0.25
2] 45° 5° -1 0.15 % 0.55
[3] 45° 3° -0.4 0.2x0.6
[4] 90° 8° -2.3 0.15x 0.75
[6] 45° 5° -1 0.25x 0.3
[7] 90° 9° -1 0.54 x 0.81
[11] 90° 8° -1.8 0.25%0.25
This 270° 70 14 0.2 x 0.45

For a characteristic impedance of 50 €2 for the coupled lines,
(4) and (5) indicate that the differential phase shift can be con-
trolled by the length I5; and width wg of the stubs (calculated
from the stub’s impedance using the well-known microstrip
equations) and the coupling factor.

To investigate the effect of different design parameters on
the differential phase, the derived (1)—(5) are included in a
parametric study in Matlab. In that study, the conditions for
an acceptable design were set at less than 1 dB of insertion
loss and more than 10 dB of return loss across the band
3.1-10.6 GHz. To meet those design requirements, the para-
metric study shows that the coupling factor should be between
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0.7 and 0.8, whereas the coupling length should be a quarter
of the effective wavelength. According to that study, it was
found that a single-section phase shifter with open-ended stubs
can achieve any phase shift from —180° to +90°, whereas the
device with short-ended stubs can achieve a phase shift from
—90° to +180°. Snapshots of the results from (1)—(5) showing
achieved phase shifts of —180°, —90°, 90°, and 180° phase
shifts are shown in Fig. 2. The coupling factor needed to realize
—90°,90°, and 180° phase shifts is 0.78, whereas a coupling of
0.72 was needed to achieve 180° phase shift. The dimensions
of the stubs to achieve those phase values are calculated using
(1)—(5) and listed in the first four columns of values in Table 1.
According to Fig. 2, the designed phase shifters have phase
deviations from the nominal values of less than 6° across the
UWB range (3.1-10.6 GHz).

III. SIMULATIONS AND MEASUREMENT

The full-wave electromagnetic simulator ANSYS HFSS is
used to verify the theoretical results. The substrate selected for
the devices is Rogers RO4003C, with dielectric constant €,, =
3.38 and thickness of 0.5 mm. The calculated coupling coeffi-
cients were used to find the even- and odd-mode impedances of
the coupled lines (Z,., Z,,) which were then used to find the di-
mension of the coupled lines (D,,, and D) using the conformal
mapping techniques described in [13]. All the calculated dimen-
sions were optimized using the simulation tool HFSS. The cal-
culated and optimized dimensions are shown in Table I, which
indicates their close agreement.

The simulated differential phase shift (A¢), reflection coef-
ficient (S11) and transmission coefficient (521 ) of the designed
devices are shown in Figs. 2 and 3. For the —180°, —90°, 90°
and 180° phase shifters, the simulated deviations in the phase
from the nominal value are 6°, 5°, 1°, and 6°, respectively,
across the frequency band 3.1-10.6 GHz as depicted in Fig. 2.
It is clear from the simulated results in Fig. 3(a) that the re-
flection coefficients for all the simulated devices are less than
—10 dB across the frequency range 3—11 GHz. As depicted in
Fig. 3(b), the transmission coefficients for the simulated devices
are more than —0.7 dB, —1.2 dB, —0.6 dB, and —1.2 dB for the
—180°, —-90°, 90°, and 180° phase shifters, respectively, over
the band 3.1-10.6 GHz.

To further prove the validity of the proposed design and to
support the presented theory and simulations, the £90° and
£180° phase shifters were manufactured and tested. To elim-
inate the effect of any air gap between the two substrates used
to build any of the devices, plastic screws are used to fix and
align those substrates. Sub-Miniature A (SMA) connectors were
used to connect the devices to the test equipment. To enable con-
necting the SMAs with the middle-layer ground of the devices,
a small part of the substrate was cut properly. The measured
results are shown in Figs. 3 and 4. Those results support the de-
rived theory and simulations and validate the design method. As
depicted in Fig. 3(a), the reflection coefficients for those devices
are less than —10 dB across the band 3—-11 GHz. Fig. 3(b) in-
dicate that the measured transmission coefficients are less than
0.7dB, 1.4 dB, 0.6 dB, and 1.2 dB for the —180°, —90°, 90° and
180° phase shifters, respectively, across the band 3.1-10.6 GHz.
The measured differential phases of the devices are equal to the
nominated values with a phase deviation of less than 6°, 2°,
5°,and 7° for the developed —180°, —90°, 90° and 180° phase

shifters, respectively, over the frequency band 3.1-10.6 GHz.
All the measured results agree well with the simulations.

A comparison between the proposed phase shifter and UWB
phase shifters published in the last two years is presented in
Table II. In the comparison, the phase range is the maximum
possible value using one section with realizable dimensions.
Also, the size (in effective wavelengths) is taken for one section
and excludes the feeders and reference lines. Table II indicates
that the presented devices have the widest coverage of differen-
tial phase using a compact structure. The phase stability, return
loss and insertion loss are all reasonable for UWB applications.

IV. CONCLUSION

Planar phase shifters with wide differential phases across
UWB frequency have been presented. The devices use broad-
side multilayer coupled structures terminated with open-ended
and short-ended stubs. The derived theory, simulations and
measurements show the capabilities of the proposed devices to
achieve phase shifts in the range from —180° to 90° when using
short-ended stubs and from —90° to 180° with open-ended
stubs. The results of four developed devices for phase shifts of
—180°,—90°, 90°, and 180° indicate less than 7° phase devia-
tion and 1.4 dB insertion loss across the band 3.1-10.6 GHz.
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