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A stable and broadband microwave photonic phase shifter based on the combined use of a linear chirped fiber
Bragg grating and optical single-sideband (OSSB) modulation is proposed and experimentally demonstrated.
The quality of the radio frequency (RF) signal is improved by the spectral separation delay processing. The
theoretical fundamentals of the scheme are explained and the phase shift can be controlled linearly by the wave-
length of the light source. In the experiment, a full 360° phase shift with a 10 GHz bandwidth can be achieved and

tuned dynamically, continuously, and stably.
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A microwave photonic phase shifter is one of the essential
components in microwave communication and radar sys-
tems, etc.2Z. It has attracted widespread attention owing
to its large instantaneous bandwidth and wide range of
adjustable phase shift compared with the conventional
radio frequency (RF) phase shifter. Recently, various
techniques of microwave photonic phase shifters have
been reported, such as nonlinear effects2, homodyne mix-
ing techniques®Y, vector sum techniquesZ’?, and optical
true time delay techniques®. For instance, the stimu-
lated Brillouin scattering (SBS) processing method has
obvious advantages, such as simple structure and easy
realization™22. In these schemes, the modulation sideband
information is easily disturbed when processing the optical
carrier and the sideband simultaneously, which may
weaken the stability of the RF signal. The above problems
also exist in some other schemes implemented using the
optical phase modulator™, which may bring down the fea-
sibility for practical applications. In addition, the optical
filter is applied and constructed by some schemes!™!J,
which benefits the information stability with the free spec-
tral range matching. While the sideband isolates from the
optical carrier, it is beneficial for raising the modulation
information stable transmission. In order to further fix
the issue, the modulation sideband information should
be protected so the noise interference can be efficiently
suppressed in practical applications.

In this Letter, a microwave photonic phase shifter
scheme for modulation information protection is pro-
posed. It employed spectral separation processing but
purely processing the carrier; the modulated information
can be protected to realize the high quality of the RF
signal transmission. In this approach, a dual drive
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Mach—Zehnder modulator (DD-MZM) implements the
single sideband (SSB) modulation. The SSB signals are
divided into two parts by an optical coupler, and then
the sideband and the optical carrier pass through optical
bandpass filters (OBPF's), respectively. In link1, the opti-
cal carrier is coupled into a linear chirped fiber Bragg gra-
ting (LCFBG) by an optical circulator and gets different
time delays corresponding to different wavelengths. In
link2, the sideband signal maintains a constant transmis-
sion. Then, the sideband and optical carrier are coupled by
an optical coupler. The synthetic signals are fed to a
photodetector (PD, Optilab, LR-~30) by the polarization
controller. With purely adding a time delay to the optical
carrier, the experimental results demonstrate that the sys-
tem implements a full 360° phase shift with a low power
variation of less than 1.26 dB and a low phase deviation of
less than 1.6°. The operational bandwidth of the RF signal
is from 10 to 20 GHz. By analysis, this scheme can achieve
a stable phase shift over a very wide bandwidth microwave
signal.

Figure 1 schematically depicts the experimental setup of
the proposed microwave photonic phase shifter based on a
LCFBGY, which can provide an ideal delay line with a
large delay, wide bandwidth, and high reflectivity.
The DD—MZM (FTM7921ER) with the high extinction
ratio of about 20 dB was used to implement the SSB
modulation.

An SSB signal is comprised of one sideband and one
optical carrier. It can be expressed as

Ey(t) = A{exp(jo.t + ¢.) + 7 explj(@, + @,)t + @]},
(1)
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Fig. 1. Experimental setup of the proposed linear photonic RF
phase shifter with the optical carrier delay processing. OC,
optical coupler.

where A is the amplitude of the optical carrier, and y is the
modulation index. @, w,,, and @, + w,, are, respectively,
the angular frequencies of the optical carrier, the micro-
wave signal, and the upper sideband. Moreover, ¢, and
@,, are the initial phases of the optical carrier and side-
band, respectively. Then, the SSB signal is launched into
an optical coupler, and the sideband and optical carrier
are separated by two OBPFs. So the optical carrier can
be given by

EB(t) = Aexp(jw(zt+§oc)' (2)

As shown in Fig. 1, the optical carrier without any infor-
mation is fed to the LCFBG by an optical circulator. Here,
the optical carrier will get different time delays corre-
sponding to the tunable wavelength with introducing
an optical phase shift, which can be written as

Ec(t) = Aexp(jo.t + ¢, — Agp). (3)

Along the axial orientation for the LCFBG at point Z,
A(z) = 2n4(2) - A(2) is the Bragg reflection wavelength,
where neg(2) is the effective refractive index and A(z) is
the period of the grating; 7(4) =D - (A—4y) =D - A4,
is the time delay, where D is the dispersion coefficient;
A, is the wavelength variation of the optical carrier.
Ap(Ap = 27A7/T = 2xDAA./ T) is the phase shift, where
T is the period. Notice that the optical carrier is not carry-
ing any modulation information, and the phase noise is
suppressed. Through the second optical coupler, the syn-
thetic signal is given by

+ 7 explj(o, + @)t + @]} (4)

Finally, the phase-shifted RF signal is expressed as follows
after the detection of the SSB signal in a PD:

V(t) «x cos(w,,t + Ag), (5)

where, Ag is the phase shift of the RF signal. Through
theoretical analyses, the proposal can implement the

stable phase shift over a very wide bandwidth microwave
signal.

To illustrate the performance of the broadband and
phase stability of the RF signal based on the LCFBG with
spectral separation processing, the operational bandwidth
of the RF signal is from 10 to 20 GHz.

Figure 2 shows that the optical spectra are measured by
a high resolution optical spectral analyzer (AQ6370B).
With an optimal signal-to-noise ratio (SNR), the powers
of the optical carrier and sideband are reasonably con-
trolled. The power of thr sideband is —11.5 dBm, and
the power of the optical carrier is 0 dBm. The power of
the optical carrier is 11.5 dBm higher than that of the side-
band. Meanwhile, the response speed of the system can be
improved by the optical carrier and the sideband harmo-
niously working, which can keep the optical carrier and
sideband balanced and the optimal ratio is acquired.
Therefore, the receiver sensitivity of the system is realized
with an optimal SNR and a high stability.

Figure 3 depicts that the time delay curve presents a
linear relationship with the wavelength varying by a
dispersion loss analyzer (Agilent, 86038B). The wave-
length range is from 1550.244 to 1551.244 nm, and the op-
erational bandwidth of the RF signal is from 10 to 20 GHz.
As shown in Fig. 3, employed LCFBG can implement the
stable time delay over a very wide bandwidth RF signal,
from 1550.044 to 1552.244 nm.

Figure 4(a) presents that different optical wavelengths
have different time delays; the graphic data was collected
utilizing a vector network analyzer (Agilent, N5242A).
Figure 4(b) shows that the RF signal implements a full
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Fig. 2. Optical spectrum of an SSB modulated optical signal.
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Fig. 3. Reflection spectrum and delay response of an optical sig-
nal about the LCFBG.
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Fig. 4. Different wavelengths corresponding to different phase
shifts. (a) Optical carrier time delay characteristics of different
wavelengths and (b) RF signal phase shift over a frequency range
from 10 to 20 GHz.

360° phase shift with a low phase deviation of less than
1.6° and an operational bandwidth from 10 to 20 GHz.
As the LCFBG is employed to process the optical carrier
rather than the sideband, which carries the modulation
information, the ripples have neglibible effect on the gen-
erated phase shift.

Figure 5 describes the power spectra comparison of the
RF signals whose frequency points are at 13 and 18 GHz
with the optical carrier delay processing, and with the
sideband delay processing, respectively, by a spectrum
analyzer (RONO, 2688/2012). As shown in Figs. 5(a)
and 5(c), the power spectra are polluted by noise owing
to the sideband carrying information. The power brings
out dispersive energy, leading to energy divergence.
Eventually, the output RF signal might cause information
distortion, which induces system instability. As shown
in Figs. 5(b) and 5(d), the power spectra are more
concentrated.

Figure 6 illustrates the phase noise spectra of the
RF signals, whose frequency points are at 13 and
18 GHz with the sideband delay processing, and with
the optical carrier delay processing, respectively. In
Figs. 6(a) and 6(c), the phase noise spectra are seriously
polluted by the fast fluctuation noise. The phase noise
average value is approximate —105 dBc/Hz with the dis-
tribution of the frequency offset from 10 Hz to 100 kHz.
Meanwhile, the curves are coarse and thick with lots
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Fig. 5. Measured power spectra comparison of the transmit-
ted RF signal at 13 and 18 GHz with the optical carrier
delay processing and with the sideband delay processing,
respectively.
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Fig. 6. Measured phase noise spectra comparison of the
transmitted RF signal at 13 and 18 GHz with the sideband
delay processing and with the optical carrier delay processing.

of burr. In Figs. 6(b) and 6(d), the phase noise is remark-
ably suppressed, with the phase noise average value
approximately —115 dBc¢/Hz, and the distribution of
the frequency offset is from 10 Hz to 10 kHz. Meanwhile,
the curves are smooth and thin with a little burr. Through
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Fig. 7. Power of the phase-shifted microwave signal with the
optical carrier delay processing when achieving different phase
shifts.

analyses of experimental results, the phase noise has a neg-
ligible impact. Thus, this proposal is a promising option
with optical carrier delay processing.

Figure 7 shows that there is less than 1.26 dB variation
within the RF signal amplitude during the phase-shift
processing, which is 0.38 dB slightly higher than the theo-
retical value with the stable running system. So the exper-
imental results indicate that this is a promising proposal.

In conclusion, we propose a microwave photonic phase
shifter scheme that employs spectral separation processing
but purely processes the carrier;meanwhile, the modulated
information can be protected to realize the high quality of
the RF signal transmission. A full 360° phase shift with a
10 GHz bandwidth and high quality can be achieved and
tuned dynamically, continuously, and stably. We plan to
further investigate and optimize the phase resolution in
future works.
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