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Abstract: A fully tunable microwave photonic phase shifter involving a
single semiconductor optical amplifier (SOA) is proposed and
demonstrated. 360° microwave phase shift has been achieved by tuning the
carrier wavelength and the optical input power injected in an SOA while
properly profiting from the dispersion feature of a conveniently designed
notch filter. It is shown that the optical filter can be advantageously
employed to switch between positive and negative microwave phase shifts.
Numerical calculations corroborate the experimental results showing an
excellent agreement.
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1. Introduction

The control of the speed of light has attracted considerable attention in the last years due to its
intriguing physics and the wide variety of signal processing tasks to which can be applied
[1,2]. One of the exciting motivations lays in their potential application to the field of
microwave photonics (MWP) [3]. In particular, broadband microwave phase shifters are
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needed as a key component in applications such as phased antenna arrays, microwave filters
and reconfigurable front-ends [4].

Several photonic technologies have been reported in the literature for the purpose of
implementing phase shifting functionalities, including those based on optical fibers [5],
photonic crystals [6], and semiconductor waveguides [7]. One of the most successful
approaches reported so far is based on the so-called Coherent Population Oscillations (CPO)
in Semiconductor Optical Amplifiers (SOA) [8], since it may provide a realistic solution.
MWP applications are targeting higher operation frequencies and functionalities that are
demanding small devices with low weight and power consumption. Semiconductor based
structures provide these features and also allow on-chip integration with other devices while
lowering the manufacturing costs.

It has been shown that in CPO based standalone SOA experiments the refractive index
dynamics plays no relevant role in the observed microwave phase shift [9]. Hence, the RF
phase shift is only governed by the gain dynamics, limiting it to several tens of degrees (~30°
phase advance) and the available RF bandwidth to a few GHz. However, the effects of the
refractive index mediated wave mixing can be exploited to increase the degree of the light-
speed control by the use of optical filtering prior to detection (~150° phase shifts at 19 GHz)
[10]. Moreover, phase shifts up to 360° at 40 GHz have been recently reached when cascading
several SOA based stages [11]. On the other hand, for different modulation chirp values,
~120° phase delay as well as ~170° phase advance at 19 GHz, have been reached by changing
the input optical power in a single phase shifter stage [12]. Nevertheless, the combination of
both slow and fast light effects is not enough to obtain the desired 360° for many MWP
applications.

The previously reported work resorts to the use of optical filters solely to reject the red-
shifted sideband aiming at increasing the microwave phase shift. However, the dispersion
slope and the amplitude transfer function of the optical filter can play an important role in the
total microwave phase shift, as it has been shown in the initial work developed by O Diill et
al. [13]. The delay or phase shift incurred by the filter to the RF sideband becomes important
since the detected microwave photocurrent depends on the coherent addition of two beat
components between the carrier and each RF sideband. Here we show, for the first time to our
knowledge, a fully-tunable 360° microwave phase shifter implemented using only one SOA
followed by a conveniently designed notch filter. In other words, the scheme proposed in this
paper entails saving four SOAs and two optical filters in comparison with the best approach
previously reported [11].

2. Principle of operation

The amplitude and phase transfer function of the optical filter can be used to enhance the
effect of the red-shifted or the blue-shifted sideband resulting in positive or negative
microwave phase-shifts, i.e. slow or fast light. In this paper, we have studied the phase and
amplitude variations produced by our SOA and consequently we have designed a tailored
filter in order to generate the maximum variations of the microwave phase-shifts in
combination with the SOA.

Figure 1 shows a general schematic of a photonic phase shifter (PS). The microwave
signal modulated on the optical carrier suffers a phase shift as it propagates through the SOA
[8]. Optical filtering is included as part of the optical signal processing to enhance the phase
shift range [10].
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Fig. 1. Schematic of a RF/microwave phase shifter based on SOA and optical filtering.

The microwave phase shift can be tuned by controlling the operation conditions of the
SOA as well as the filter dispersion. The use of an optical notch filter, in our case a Fiber
Bragg Grating (FBG), allows us to change not only the amplitude but also the phase of the
red-frequency shifted-sideband in order maximize the microwave phase shift, Fig. 1. We have
considered in our study that the red-shifted sideband is the only spectral component affected
by the FBG. Therefore, the bandwidth of the notch filter must be narrower than the
modulating frequency.

The electric field at the phase shifter output can be approximated as
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where @, is the frequency of the optical carrier, &, is the propagation constant of the carrier,
and Q is the modulation frequency. E;“, E“and E°" are respectively the complex

amplitudes of the carrier, blue and red-shifted sideband, while ¢,, ¢, and ¢ _; are the
corresponding optical phase features. Based on the weak modulation assumption, the higher
order sidebands are neglected. The modulus and phase components of the filter transfer
function are represented by |H| and ¢ respectively. Due to the beating between the optical
waves in the photodetector, the photocurrent at modulation frequency € is proportional to
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The phase shift of the microwave signal is determined by arg{i (€2)} minus a phase
reference, normally corresponding to the phase obtained at the minimum input power or
injection current [10].

Figure 2(a) and 2(b) illustrate the evolution of the signal complex phasors in a polar
representation, by controlling the injection current of the SOA. The blue phasor represents the
evolution of the first photocurrent term of Eq. (2) (the beat between the carrier and the blue-
shifted sideband), the red phasor corresponds to the second term (the beat between the carrier
and the filtered red-shifted sideband) and finally the black phasor represents the total
microwave photodetected signal. The dotted phasors indicate the reference point. Figure 2(a)
illustrates the results reported in previous work [10]. The optical filter attenuates the red-
shifted sideband and a large variation of positive phase shifts is created. However, as shown in
Fig. 2(b), by inducing the proper amplitude and phase change on the red-shifted sideband, it is
possible to achieve negative phase shifts. Thus, the desired 360° phase shift range can be
achieved by combining the SOA output with a tailored filter providing the desired phase and
amplitude changes on the red-shifted sideband.

#149866 - $15.00 USD Received 28 Jun 2011; revised 15 Aug 2011; accepted 17 Aug 2011; published 19 Aug 2011
(C) 2011 OSA 29 August 2011/ Vol. 19, No. 18/ OPTICS EXPRESS 17423



Im

; Slow Light E(m/' Eo
i(Q ( )
( ) & regime 0 !

Re I(Q) _________ S i ) Re

Ej(ES'HY resime %‘ (ESHY

Fig. 2. Nllustrations of the evolution of the complex phasors in a polar representation for two
cases: (a) when the red-shifted sideband is only attenuated and (b) when it is attenuated and
also phase shifted.
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Fig. 3. (a) Calculated RF phase shifts as a function of the injection current as well as the ¢y. (b)
Maximum values of phase shift as a function of ¢, and IHI.

Numerical calculations of the RF/microwave phase shift as a function of the attenuation
and phase induced by the photonic notch filter are shown in Fig. 3. The following main
parameters of the SOA are used [9]: Py, = 4dBm, 7, = 140ps, a =6, 1'=0.45, y = 3000m™", P;,
= 0dBm, Q = 20GHz, L = 1000pm. All phase shifts are obtained upon increasing the injection
current from 100 mA to 200mA. Figure 3(a) shows the different RF phase shifts when the
attenuation of the filter is fixed to —20dB and the phase induced on the red-shifted sideband
(@y) is tuned from —100° to 100°. It is easy to infer the existence of a high dependence on the
phase parameter. When —100° < ¢ < 0° slow light effect is observed inducing positive phase
shifts. However, when 10° < ¢y < 100°, fast light behavior is achieved which induces a
negative RF phase shift. On the other hand, Fig. 3(b) depicts the total RF phase shift versus
the filter-induced phase shift for different attenuation values. As observed, an increase of the
red-shifted sideband attenuation is accompanied by an increase in the RF phase shift. Thus,
there are less filter phase constraints to obtain the full 360°.

The novel proposed phase shifter configuration is quite flexible in terms of the number of
parameters that can be changed to achieve the desired 360° phase excursion. For instance, Fig.
4 shows the evolution of the RF phase shift for different optical power levels at the SOA
input. The attenuation of the red-shifted sideband has been kept to a constant value of 30dB as
well as the induced phase (¢y ) to 20°. By tuning just the SOA input power and the SOA
injection current, phase shift changes from negative to positive can, again, be obtained.
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Fig. 4. Calculated RF phase shifts induced by increasing the optical power at the SOA input as

a function of the injection current.

3. Experimental results
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Fig. 5. Experimental set-up.

We have experimentally investigated the proposed 360° phase shifter configuration using the
set-up depicted in Fig. 5. A CW laser emitting at 1556 nanometers was modulated using a
microwave tone at 20 GHz by means of an external zero-chirp Mach-Zehnder modulator. The
non-linear SOA device was designed to have a low saturation output power of 4 dBm. The
phase shift impressed on the microwave signal will be electrically controlled by means of the
injection current. To adjust the SOA input power in our measurements, we have used an
EDFA booster and a variable optical attenuator (VOA). At the SOA output, a FBG operating
in transmission was used to implement the notch filter. The FBG can provide attenuation
greater than 40 dB with a —3 dB bandwidth of approximately 10 GHz (see Fig. 6). The optical
signal is photodetected and acquired by means of a vectorial network analyzer. The
polarization controller (PC) placed before the SOA has been used to maximize the CPO
effect.

The contour plots in Fig. 6(a) represent the experimental results for the microwave phase
shift as a function of the SOA injection current, as well as the spectral position of the red-
shifted sideband within the FBG. The red markers of Fig. 6(b) show the variation of the
amplitude and phase induced in the red-shifted sideband due to the FBG. They correspond to
an attenuation of ~40dB and a phase shift from 20° to 80°. The results have been measured for
two optical powers at the SOA input: 0 and 2 dBm. The targeted frequency areas are labeled
as phase advance and delay. More than 360° can be accomplished just by tuning 2 dB the
optical input power and only 1 GHz the laser wavelength.

Figure 7 illustrates the experimental validation (markers) and the theoretical (solid lines)
results for the phase shift and power variation induced by slow and fast light effects through
sweeping the injection current of the SOA for two different optical input powers. Figure 7
shows a perfect agreement between the theoretical results and the experimental data for both
RF/microwave phase shift and power. The initial reference phase is chosen for a SOA
injection current of 200 mA and 0 dBm of SOA optical input power. The laser wavelength has
been chosen to induce an additional phase shift of 60° and an attenuation of 40 dB to the red-
shifted sideband produced by the FBG. Just by tuning the SOA injection current, 180°
RF/microwave phase shift can be tuned. The additional 180° are induced by increasing 2 dB
the optical input power. As expected, the sharp increase of the phase shift corresponds to a
deep dip in the RF power. Mechanisms to equalize this power loss are under current
investigation.
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Fig. 6. (a) Measured RF phase shift as a function of both SOA input current and FBG

frequency detuning for two different optical powers at the SOA input. (b) Measured FBG
amplitude and phase response.
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Fig. 7. Theoretical (lines) and experimental (markers) photodetected RF power and phase shift
as function of the SOA input current when the input power is fixed at 0dBm and 2dBm.

5. Conclusions

In conclusion, we have experimentally investigated the slow and fast light effects induced by
the optical filtering stage placed at the SOA output in tunable microwave phase shifter. To the
best of our knowledge, this is the first realization of a fully tunable 360° microwave phase
shifter based on slow and fast light effects using a single SOA. The proposed scheme saves
four SOAs and two optical filters compared to the best scheme previously reported [11]. It
doesn't reduce only de complexity but also the deterioration in terms of noise levels [14].
Since the blue-shifted sideband at the SOA output has a power dip on the phase transition, the
attenuated red-shifted sideband, with the proper phase, can change the behavior of the phase
shifter. In order to obtain an increase of the total phase shift by adding both effects, slow and
fast light, an abrupt phase transition and, therefore a high deep notch is required. Numerical
calculations and experimental results show excellent agreement. Up to 360° phase shift has
been experimentally demonstrated using two different optical powers at the SOA input by
properly adjusting the frequency detuning of the optical filter. This is highly desired for many
microwave photonic applications, such as microwave photonic filters and antenna
beamsteering. The phase shifter bandwidth, as well as the operating frequency, is strongly
dependent on the filtering scheme. It has to ensure that at a certain frequency range the fast
light condition is met. In our particular case, within a bandwidth greater than 1GHz can be
achieved. Narrower filters would allow operating at lower frequencies but at the cost of using
less frequency bandwidth. Investigations are being conducted to achieve broadband operation
and provide output power equalization.
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