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A simple photonic approach to implementing an ultra-wideband microwave phase shifter based on an erbium–
ytterbium (Er/Yb) co-doped linearly chirped fiber Bragg grating (LCFBG) is proposed and experimentally demon-
strated. The LCFBG is designed to have a constant magnitude response over a reflection band, and a phase response
that is linear and nonlinear in two sections in the reflection band. When an optical single-sideband with carrier
(OSSB� C) signal is sent to the LCFBG, by locating the optical carrier at the section corresponding to the nonlinear
phase response and the sideband at the section corresponding to the linear phase response, a phase shift is intro-
duced to the optical carrier, which is then translated to the microwave signal by beating the optical carrier and the
sideband at a photodetector. The tuning of the phase shift is realized by optically pumping the Er/Yb co-doped
LCFBG by a 980-nm laser diode. The proposed ultra-wideband microwave photonic phase shifter is experimentally
demonstrated. A phase shifter with a full 360° phase shift with a bandwidth from 10 to 40 GHz is experimentally
demonstrated. © 2014 Optical Society of America
OCIS codes: (050.5080) Phase shift; (060.3735) Fiber Bragg gratings; (350.4010) Microwaves; (060.5625) Radio

frequency photonics.
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Microwave phase shifters (MPSs) are important devices
in microwave systems for applications such as phased-
array beamforming for wireless communications and
radar systems [1–4]. An MPS can be implemented based
on a semiconductor dielectric integrated circuit [5] or a
ferrite-ferroelectric waveguide structure [6]. A semicon-
ductor-based MPS has a high response speed, but the
power-handling capacity is poor, and the insertion losses
are high [5]. On the contrary, a ferrite-based MPS has bet-
ter power-handling capacity, and the losses are smaller,
but the response speed is limited, and the size is usually
large [6]. To implement an MPS with a large bandwidth,
small size, and high response speed, a solution is to use
photonic techniques. In the past few years, numerous
photonic-assisted MPSs were proposed [7–11]. In [7],
an MPS with a phase shift of 180° was realized based
on cross-phase modulation (XPM) in a nonlinear loop
mirror, in which the phase of the optical carrier of an
optical single-sideband with carrier (OSSB� C) signal
is modulated through XPM [7], and the beating of the
optical carrier and the sideband generates a microwave
signal with the phase shift directly translated to the
microwave signal. In [8], an MPS with a phase shift of
135° based on wavelength conversion in a DFB laser
was proposed. The fundamental principle of the tech-
nique is to introduce a phase shift to the new wavelength
during the wavelength conversion, and the phase shift is
tunable by controlling the injection current to the DFB
laser. Other techniques to implement an MPS include
the use of slow- and fast-light effects in a semiconductor
optical amplifier (SOA) [9] or in a tilted fiber Bragg gra-
ting [10], and the use of stimulated Brillouin scattering
(SBS) effect in an optical fiber [11]. The approaches re-
ported in [7,8,10] have the limitation to provide a full 360°
phase shift. Although the approach in [9] can achieve a
full 360° phase shift, the system is complicated due to the

use of multiple SOAs. The SBS-assisted MPS can also
provide a full 360° phase shift [11], but to trigger the SBS,
a high-power optical pump source is needed, and the op-
tical fiber is usually long. In addition, the SBS effect is
sensitive to environmental changes, which may affect
the stability of the system.

Recently, we proposed a technique to implement an
MPS with a full 360° phase shift using a polarization-
maintaining fiber Bragg grating (PM-FBG) [12]. In the
proposed system, an OSSB� C signal was sent to a
PM-FBG, which has two spectrally separated transmis-
sion notches along the fast and the slow axes. By locating
the optical carrier along the fast axis at the transmission
notch, the optical carrier in the OSSB� C signal was re-
moved. At the output of the PM-FBG, two orthogonally
polarized optical signals, one with the optical carrier
and the sideband, the other with only the sideband,
are obtained. The two orthogonal signals are then sent
through a variable retardation plate (VRP) to a polarizer
and then detected by a photodetector (PD). By control-
ling the VRP to introduce a tunable phase difference
between the two orthogonally polarized signals, a micro-
wave signal with a tunable phase shift was generated.
Although a working bandwidth from 10 to 40 GHz was
achieved, the phase tuning speed of the proposed system
is slow due to the use of a VRP.

In this Letter, a simple photonic approach to imple-
menting an ultra-wideband MPS with a high tuning speed
based on an erbium-ytterbium (Er/Yb) co-doped linearly
chirped fiber Bragg grating (LCFBG) is proposed and
experimentally demonstrated. In the proposed system,
as shown in Fig. 1, an OSSB� C signal generated using
a Mach–Zehnder modulator (MZM) followed by an opti-
cal notch filter to remove the upper sideband is sent to an
Er/Yb co-doped LCFBG via an optical circulator. The
LCFBG is custom-made with a flat magnitude response
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in the reflection band. The phase response in the reflec-
tion band is divided into two sections, with one section
having a nonlinear phase response, and the other section
having a linear phase response. When the Er/Yb co-doped
LCFBG is optically pumped from the end of the section
with a nonlinear phase response by a 980-nm laser diode
(LD), the nonlinear phase response will be changed
accordingly due to the pump-induced refractive index
change in the Er/Yb co-doped fiber [13]. By locating the
optical carrier and the sideband in the nonlinear and lin-
ear sections of the phase response, respectively, the
phase of the optical carrier can be tuned by changing
the pump power, but the phase of the optical sideband
is not changed. In this way, the phase change of the
optical carrier can be translated to the generated micro-
wave signal by beating the optical carrier and the side-
band at a PD. The key advantage of using optical
pumping to tune the phase response of the LCFBG over
external thermal [14] or mechanical tuning [15] is that the
phase response can be tuned at a much higher speed and
controlled remotely. In addition, the undesirable birefrin-
gence effects existing in the mechanical tuning technique
can also be avoided.
The key component in the proposed system is the

LCFBG, which is inscribed in an Er/Yb co-doped optical
fiber. The refractive index modulation Δn�z� of such an
LCFBG can be written as

Δn�z��Re
��nm�z��δ�z��

2
exp

�
j
�
2πz
Λ�z��ϕg�z�

���
; (1)

where z is the position along the grating, nm�z� denotes
the maximum index modulation, δ�z� is the index change
in the desired area with linear phase response, and Λ�z�
and ϕg�z� are the central pitch and the local phase of the
single-channel seed grating, respectively. The designed
LCFBG can be fabricated in a hydrogen-loaded Er/Yb
co-doped fiber with the conventional phase-mask-based
FBG writing technique using a continuous-wave UV light
at 244 nm [16]. To obtain a section with a linear phase
response in the LCFBG, δ�z� needs to be controlled such
that the desired linear phase response section has a
strong reflection, which is achieved by enhancing the
UV exposure implemented through multiple scans. The
section with a nonlinear phase response in the LCFBG
has a weak reflection, and the nonlinear phase response
can be changed by optically pumping the section. When

the LCFBG is optically pumped from the blue end,
i.e., the end with the shortest period, the temperature
at the blue end would increase, which would force the
blue end to move to the red end and therefore shorten
the reflection band as a consequence of the increase
in the core refractive index, as shown in Fig. 2. Thus,
the phase response corresponding to the section with
a nonlinear phase is changed due to the optical pumping.
However, the thermal effect induced by the optical pump
along the LCFBG is not uniform. At the red end of the
LCFBG, due to the strong absorption of the Er/Yb co-
doped fiber, the thermally induced refractive index
change is small and negligible. Thus the section with a
linear phase response will experience negligible phase
change when the LCFBG is optically pumped from the
blue end. By tuning the injection current to the pumping
LD, the nonlinear phase response of the LCFBG can be
continuously tuned.

An experiment based on the setup shown in Fig. 1 is
implemented. A linearly polarized OSSB� C modulated
signal generated using an MZM followed by an optical
notch filter to remove the upper sideband is sent to
the Er/Yb co-doped LCFBG. The notch filter is a Wave-
Shaper (Finisar, WaveShaper 4000S) with a bandwidth
of a 50 GHz and a notch rejection of 50 dB. The optical
carrier is controlled to locate at the section with a non-
linear phase response. To ensure a large frequency tun-
able range, the carrier is placed close to the border to the
section with a linear phase response. In the experiment,
the wavelength of the optical carrier is 1554.64 nm. By
pumping the Er/Yb co-doped LCFBG, the nonlinear
phase response will change accordingly; thus the optical
carrier is reflected back with a phase change relative to
the optical sideband. The spectrum of the OSSB� C sig-
nal with a modulated microwave signal at 30 GHz and the
magnitude spectral response of the Er/Yb co-doped
LCFBG with different pumping powers are shown in
Fig. 3(a); the corresponding phase response is shown
in Fig. 3(b). The magnitude response and the phase
response of the Er/Yb co-doped LCFBG are measured
by an optical vector analyzer (OVA, Luna Technologies).
Note that during the fabrication of the LCFBG, it is con-
trolled that the section with a linear phase response has a
strong reflection and that with a nonlinear phase re-
sponse has a weak reflection. As can be seen from
Fig. 3(a), the reflection in the section with a linear phase
response is about 0.7 dB greater than that in the section
with a nonlinear phase response.

In the proposed system, the phase difference between
the optical carrier and the sideband is controlled by tun-
ing the pump power, which is a 980-nm LD. By beating
the optical carrier and the sideband, a microwave signal,
with its phase tunable by tuning the pump power is

Fig. 1. Schematic of the proposed ultra-wideband 360° micro-
wave photonic phase shifter. TLS, tunable laser source; PC,
polarization controller; RF, radio frequency; ONF, optical notch
filter; PD, photodetector; LCFBG, linearly chirped fiber Bragg
grating.

Fig. 2. Principle of the proposed phase shifter based on an
Er/Yb co-doped LCFBG.
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obtained at the output of the PD. Figure 4(a) shows the
phase shift measured using a vector network analyzer
(VNA, Agilent E8364A). As can be seen, a tunable phase
shift from −180° to 180° over a frequency range of 10 to
40 GHz is achieved. The lowest frequency is limited by
the distance from the location of the optical carrier to
the border of the section with a linear phase response
of the Er/Yb co-doped LCFBG. The highest frequency is
limited by the bandwidth of the MZM and the PD. If an

MZM and a PD with a wider bandwidth are used in the
experiment, the frequency range should be extended up
to 75 GHz, which is then limited by the width of the
section with a linear phase response of the Er/Yb co-
doped LCFBG.

For an ideal phase shifter, it is expected that the output
power is not phase dependent over the bandwidth. To
study the power dependence for the proposed phase
shifter, the microwave power for different phase shifts
at different pumping power levels is also measured by
the VNA, with the results shown in Fig. 4(b). As can be
seen, the microwave powers for different phase shifts
over the bandwidth from 10 to 40 GHz are maintained
almost constant. The output power variation for the en-
tire 360° phase shift range is within 1 dB.

In conclusion, we have proposed and experimentally
demonstrated a novel photonic approach to implement-
ing an ultra-wideband MPS based on an Er/Yb co-doped
LCFBG. The key significance of the proposed technique
is the use of an optically pumped Er/Yb co-doped LCFBG,
which ensures the realization of an ultra-wideband MPS
with a tunable phase shift over a full 360° range. The pro-
posed technique was experimentally demonstrated. A
phase shifter with a full 360° phase shift with a bandwidth
from 10 to 40 GHz was experimentally demonstrated.
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Fig. 3. (a) Reflection spectrum of the LCFBG when pumped
with different pumping powers. The spectrum of the OSSB� C
signal is also shown. (b) Corresponding phase response of the
LCFBG.

Fig. 4. (a) Experimentally generated phase shift over a fre-
quency range of 10 to 40 GHz. (b) Relative power change of
the phase-shifted microwave signal for different phase shifts.
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