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Abstract: In this work we demonstrate for the first time, to the best of our
knowledge, a continuously tunable 360° microwave phase shifter spanning a
microwave bandwidth of several tens of GHz (up to 40 GHz) by slow light
effects. The proposed device exploits the phenomenon of coherent
population oscillations, enhanced by optical filtering, in combination with a
regeneration stage realized by four-wave mixing effects. This combination
provides scalability: three hybrid stages are demonstrated but the technology
allows an all-integrated device. The microwave operation frequency
limitations of the suggested technique, dictated by the underlying physics,
are also analyzed.
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OCIS codes: (230.4320) Nonlinear optical devices; (190.4380) Nonlinear Optics; (140.4480)
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1. Introduction
The possibility of controlling the speed of light has stimulated significant research efforts [1–
9] in the past several years due to intriguing physics as well as a number of promising
applications [10,11]. In particular, slow and fast light effects in semiconductor waveguides
[12–15] have been extensively researched because of distinct advantages in terms of small
size, prospect for integration, operation at room temperature, and low power consumption.
One of the exciting motivations is their potential applications in the field of microwave
photonics [16]. Microwave photonics exploits the inherent properties of photonic devices to
enable complex signal processing functionalities in the microwave and millimeter-wave band
that are difficult or impossible to implement directly in the radiofrequency domain. A
paradigmatic example is that of tunable microwave and millimeter-wave components, in
particular, phase shifters are needed as key components in many communication circuits and
applications based on phased antenna arrays (narrowband applications) and in future
reconfigurable radiofrequency front-ends [17]. The large size, high cost and limited dynamic
range of ferrite-based phase shifters, that are dominant in antenna arrays, prevent the
widespread use of phased-arrays in public communications. The trend of these and other
emergent applications involves a strong demand for integrated and compact devices featuring
both high tunablitiy and low insertion losses.
For a microwave phase shifter, the following parameters are very important: size, absolute
magnitude of phase shift ∆Φ in degrees, working frequency range, operation voltage, and
response time. Ferroelectric materials [18] provide moderate phase shift (20-38 GHz with
360° achieved only at 38 GHz), and very fast response time (<1 ns). Its operation voltage
ranges from several tens of volts to 100 volts. Superconductor devices [19] have limited phase
shifts (up to 20°) over a bandwidth of 7-11 GHz and require considerable operation voltage
~200 volts. Nematic liquid crystals [18] can provide ~270° phase shifts at 20 GHz with the
operation voltage on the order of 30 volts, but the response time is on the order of several
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microseconds; The phase shifter based on MEMS [20,21] either leads to inherently digital
phase change with discrete states, or requires long response time (>5 µs). Implementations
based on electronic phase-locked loops [22] can achieve 640° phase shifts at 40 GHz, but
require complex designs and have a limited bandwidth (~40 MHz). Since current technologies
thus do not meet the application requirements, especially in the millimeter-wave bands, it is
natural to consider the development of compact, continuously tunable microwave phase
shifters by optical methods as an alternative with additional advantages such as
electromagnetic immunity and light weight [23,24]. A number of different physical schemes
have been investigated [25–27]. Among these, slow and fast light effects in semiconductor
optical amplifiers (SOAs) appear more promising because they can provide both very fast (on
the order of several hundreds of picoseconds) electrically and optically controlled tunability
over a microwave bandwidth of several tens of GHz in a compact device with a control
voltage of a few volts [27].
The physical effects to induce light slow-down or speed-up in semiconductor waveguides
are coherent population oscillations (CPO) [2–4]. Generally, the microwave signal at the
frequency of Ω is intensity modulated onto a continuous-wave laser. Therefore, the input
optical signal in the optical frequency domain is composed of a strong carrier, the pump, and
two weak sidebands, the probes. Due to the intensity modulation, the populations oscillate at
the beat frequency Ω between the pump and probes [12]. For an SOA, the gain and refractive
index are modulated in time and the corresponding temporal gratings subsequently scatter the
probe fields and alter their amplitude and phase. The resulting detuning dependence of the
probe phase, described in terms of an effective index, leads to a change in the group velocity
experienced by the probe signals. After propagating through the SOA, the envelope of the
optical signal will thus be delayed or advanced, corresponding to slow or fast light, which can
be expressed and measured as a microwave phase shift.
It can be shown that the contribution of the temporal index grating leads to an antisymmetric detuning dependence of the probe phase, and upon detection of both sidebands this
effect cancels out and the phase change is governed solely by the gain dynamics [12]. In this
regime the slow/fast light effects can thus be described as the effect of absorption/gain
saturation and will be limited in frequency and magnitude by the carrier recovery of the
electro-absorbers/SOAs. Recently, we showed that the dynamics of the refractive index can be
used to advantage by introducing optical filtering and obtained a 150° phase shift at the
microwave frequency of 19 GHz [15]. The principle is illustrated as the 1st stage in Fig. 1a.
An optical notch filter is employed, after the SOA, to block the red-shifted sideband, as the
optical spectrum shows in the inset (3). These optical filtering enhanced slow light effects can
be illustrated by considering the evolution of the slowly varying complex sideband amplitudes
in a polar representation, see Fig. 1b. The optical phase of the strong carrier is chosen as the
reference, as shown by the green arrows. At the input, the electrical fields of both the strong
carrier and sidebands can be taken as real (Fig. 1b (1)). Before optical filtering, the resulting
microwave phase shift of the modulated signal has contributions from both sidebands (black
shaded area in Fig. 1b (2)), corresponding to a phase advance of a few tens degrees at a few
GHz [14]. Now, when blocking the red-shifted sideband after the SOA, the cancellation of the
phase of the two sidebands is avoided and the refractive index dynamics, quantified by the
linewidth enhancement factor α, contributes a large positive phase shift to the blue-shifted
sideband. This phase shift dominates the total phase shift of the microwave modulation (blue
shaded area in Fig. 1b (3)) [15], thus corresponding to slow light.
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Fig. 1. Configuration of a 360° microwave photonic phase shifter. (a) Simplified diagram
showing the cascading of stages of phase shifters followed by regenerators. Both functionalities
can be implemented in active waveguides by using the effects of population oscillations and
wave mixing. (b) Illustrations of the evolution of the complex amplitudes of the sidebands in a
polar representation.

2. Achievement of 360° phase shifts
Due to saturation effects, increasing the absolute phase shift by simply increasing the length of
the SOA or cascading several SOAs is not possible [28]. To enable the cascading of several
stages of optical filtering enhanced slow light elements, in order to achieve an accumulated
microwave phase shift of 360°, we introduce a regenerator between two stages, with the
purpose of restoring the double sideband characteristic of the original signal, cf. Fig. 1a (4)
and Fig. 1b (4). By adding the second phase shift stage, the modulated optical signal will
experience a similar effect as in the first stage (Fig. 1b (5)). When a third stage is incorporated
we therefore achieve a total of more than 360° tunable microwave phase delay over a
microwave bandwidth of several tens of GHz, Fig. 1b (6). The regeneration of the sideband
can be achieved using four-wave mixing effects, where the fast build-up of the conjugate
signal at the mirror frequency is a well-known effect that can be achieved with high-efficiency
in active semiconductor waveguides. Therefore, both the phase shift and the regeneration can
be accomplished using the same technology of active semiconductor waveguides.
2.1 Theoretical simulations
The contour plots in Fig. 2 show the calculated microwave phase shifts when the injection
currents (I1, I2, I3) of the three SOAs in three stages are increased, one by one, from the
transparent current 20 mA to the maximum value 300 mA. The two regeneration SOAs are
biased at a fixed current to get the maximum regeneration efficiency. For the conventional
case without optical filtering, as shown in Fig. 2a, the CPO effects in an SOA induce the fast
light and thus give a total −180° microwave phase shift at 5 GHz. When the red-shifted
sidebands are blocked by optical filtering, Fig. 2b demonstrates >360° microwave phase shifts
between 6 GHz and 40 GHz. The simulation results are capable of theoretically demonstrating
the scalability of the optical filtering enhanced light slow-down and the possibility of
achieving a continuously tunable 360° microwave phase shift over a bandwidth of several tens
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of GHz, a feature which is difficult to achieve either in conventional microwave phase shifters
or in those based on the novel approaches previously discussed.
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Fig. 2. Calculated microwave phase shift as a function of both microwave frequency and the
injection currents of three SOAs. (a) Conventional case without optical filtering, which
corresponds to simply cascading five SOAs. (b) Blocking the red-shifted sidebands.

2.2 Experimental demonstrations

Fig. 3. Experimental set-up for measuring the microwave phase shift. (PC: polarization
controller; MZM: Mach-Zehnder intensity modulator; EDFA: erbium doped fiber amplifier;
ISO: fiber isolator; FBG: fiber Bragg grating). The laser at the wavelength of 1539nm is
intensity modulated by the microwave electrical signal from the network analyzer, which is
also used to measure the microwave phase shift induced by the SOAs.

We have experimentally investigated the suggested slow-light configuration using the set-up
depicted in Fig. 3. Optical filtering, needed to block the red-shifted sideband, is accomplished
using fiber Bragg grating (FBG) notch filters. Three optical bandpass filters are employed to
suppress the amplified spontaneous emission noise (ASE). During the measurements, the two
regeneration SOAs are biased at a fixed current. To measure the microwave phase shift
induced by the proposed phase shifter in isolation, a calibration measurement has to be
performed. We here take the reference point to be the situation in which the injection currents
(I1, I2, I3) equal their transparency values of (80mA, 80mA, 80mA).
Figures 4a and 4b give the measured microwave phase shifts and relative power changes at
a microwave frequency of 40 GHz. When the three FBGs are included to block the red-shifted
sidebands, ~130°, ~120°, and ~120° RF phase delays are achieved by increasing I1, I2, and I3,
respectively. The total 370° RF phase shift at 40 GHz verifies the scalability of the proposed
scheme.
For a single phase shifter stage, the abrupt phase change is accompanied by a dip in the
microwave power [15]. This might be thought to limit the cascadability, since large amplitude
changes will be unacceptable for most applications. However, it was found that these
microwave power dips, induced by increasing I1, I2, and I3, respectively, decrease
progressively, and the corresponding microwave phase shifts are less abrupt. This effect,
which is very important for the practical scalability of the phase shifters, can be understood by
considering the chirp of the optical signal acquired by the preceding SOAs. Thus, the
sidebands will in general acquire slightly different phases, corresponding in the time domain
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400
Relative Microwave Power Change (dB)

Microwave Phase Shift @ 40 GHz (Deg.)

to a combination of amplitude and phase modulations, and thereby decrease the microwave
power dip induced by the following SOAs. This effect was previously studied for a single
SOA by considering the influence of the input chirp [28]. This interpretation is confirmed by
comparison with numerical simulations, shown as black solid lines in Figs. 4a and 4b, based
on a four-wave mixing model [12].
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Fig. 4. Experimental demonstration of 360° microwave phase shift. (a) Microwave phase shift
and (b) power changes at the microwave frequency of 40 GHz. The injection currents (I1, I2, I3)
are increased from 80 mA to 400 mA consecutively. The markers are experimental data and the
black solid lines are numerical simulations. The green dashed line shows a linear fit.
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Fig. 5. Experimental demonstration of microwave phase shift (colour contour) and relative
power change (black solid lines). The measurements are shown as a function of the currents I1
and I2 with I3 being fixed at 80 mA, and performed at 40 GHz.

The introduction of several phase shift stages provides additional flexibility for tailoring
the linearity of the phase shift, its frequency response as well as the variation of the
corresponding amplitude by choosing different current combinations (I1, I2, I3). Besides
achieving a large absolute phase shift, these characteristics are of utmost importance for a
number of applications. Figure 5 shows the measured microwave phase and power in
dependence of two of the currents while keeping the third fixed. It is important to note that the
contour lines of phase and power, in some regions, are near-orthogonal and in general are not
parallel. This allows independent control of phase and power. As an example, by controlling
the currents (I1, I2) to follow the 2 dB power contour line, a tunable >200° microwave phase
shift at 40 GHz with less than 2 dB power fluctuation can be obtained. By controlling all three
currents, 360° phase shift with minimal power variation is feasible. We notice that the need to
control several currents is similar to the control problem encountered in the case of
continuously tunable multi-section laser diodes.
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3. Microwave operation bandwidth of 360° phase shifters
We have also experimentally investigated the microwave modulation frequency dependence
of the proposed phase shifter. Measured results are shown in Fig. 6a for a single phase shifter
stage by plotting the phase change versus power and frequency in a contour diagram. In this
case, a microwave phase delay of more than 100° is obtained up to 35 GHz. We have
analyzed the origin of the bandwidth enhancement of the optical filtering techniques using the
four-wave mixing model. For intensity modulated signals at a modulation frequency ranging
up to several hundred GHz, wave mixing is dominated by the pulsations of the carrier density.
The carrier population oscillations induce wave mixing among the three electrical fields, E0,
E-1, E+1 representing the strong carrier and two weak sidebands and modify the gain and index
of the sidebands. The evolution of these field components are described by three differential
equations, e.g. Eq. (1) of reference [28]. The detected microwave signals, without optical
filtering or considering the blocking of the red-shifted sideband can be expressed as P0 ( = E0*
·E+1 + E-1*· E0) and P+1( = E0* ·E+1), respectively. These new variables are governed by Eq.
(3) in [28] and can easily be numerically computed. To better understand the microwave phase
shift, the terms only related to the amplitude of Eq. (3) in [28] can be neglected. Thus,
analytical solutions of the phase of the modulated signal are achieved for the cases without
optical filtering and with the red-shifted sideband blocked. In this case, however, all
information regarding the amplitude of the modulated signal is lost. An approximate analytical
solution is derived for the maximum microwave modulation frequency:
Without optical filtering:

Ω max ( S ,τ s ) = (1 + S ) ⋅

1

τs

(1)

Blocking the red-shifted sideband:
Ω max ( S ,τ s , α ) =

S + S 2 − 4(1 + S ) 4 Φ 2 1
⋅
τs
2Φ (1 + S )

(2)

where Φ = (π/2-arctanα)(/zΓg0, Γg0) is the linear gain, α is the linewidth enhancement factor, z
is the length of the SOA, S is the input optical power normalized by the saturation power, and
τs is the carrier recovery time. For the conventional case, where no optical filtering is
performed, the microwave frequency is limited by the rate of carrier recovery, 1/ τs [12–14].
However, optical filtering is seen to enhance the available microwave frequency by a factor
that depends on the power, S, and the linewidth enhancement factor, α. This can be interpreted
as an equalization effect brought about by the dynamics of the refractive index, not unlike the
effect used in interferometers to increase the speed of all-optical signal processing [29]. In
particular, by increasing α, it is possible to significantly enhance the operating frequency. For
a value of α of the order of 30 or more the operating frequency thus extends beyond 100 GHz.
Such high α-parameters have been realized in quantum dot active waveguides [30]. The black
dashed curve in Fig. 6a is given by Eq. (2), and shows that the approximate result provides a
good prediction of the microwave modulation frequency. Hence, Eq. (2) gives directions for
further engineering the SOA to make it operate at a specific microwave frequency band of
interest. We notice that a similar phase shift can be obtained by electrically changing the
injection current of the SOA.
Expanding to the case of three cascaded stages of phase shifters, the measured frequency
responses are shown in Fig. 6b. The injection currents (I1, I2, I3) are increased, one by one,
from the reference value of 80 mA to the maximum value of 400 mA. A ~360° microwave
phase delay can be obtained in the entire frequency range up to 40 GHz, which is a record
achievement compared to previous results both in terms of phase shift [27] and frequency
range [31].
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Fig. 6. Measured microwave frequency dependence of phase shifter. (a) Microwave phase
shifts (colour scale) for a single phase shift stage as a function of microwave frequency and
input optical power when blocking the red-shifted sideband. The black dashed curve shows the
analytical result, Eq. (2). (b) Microwave phase shift for three cascaded phase shifter stages as a
function of the microwave modulation frequency. The injection currents (I1, I2, I3) are
consecutively increased from 80 mA to 400 mA.

4. Summary and outlook

In conclusion, we have proposed a new configuration and experimentally demonstrated, for
the first time, to the best of our knowledge, the realization of a tunable 360° microwave
photonic phase shifter based on slow light effects in semiconductor waveguides. A >360°
phase shift has been achieved in a broad frequency range up to 40 GHz, and further
improvement of the bandwidth is feasible. The demonstration is based on the cascading of
several semiconductor optical amplifiers, with in-between stages of optical filtering and
regeneration. The phase shift and regeneration are realized using coherent population
oscillations and four-wave mixing in active waveguides. The proposed phase shifter can be
reconfigured on a sub-nanosecond time-scale and the operation voltage is on the order of 1
volt. The operating frequency and the bandwidth are strongly enhanced by optical filtering
and we have obtained a simple analytical expression accounting for the enhancement beyond
the usual limitation of the inverse lifetime, which provides directions for further engineering
of the device. Finally, the suggested approach allows large flexibility in tailoring the linearity
and frequency response of the system.

Fig. 7. Sketch of a possible monolithic implementation of a microwave photonic phase shifter
with micro-rings to realize optical filtering.

Furthermore, if the optical filtering is realized monolithically, e.g. by micro-ring
structures, surface gratings or Bragg filters, this scheme allows a fully integrated device. An
important issue in such a design is to avoid feedback effects from the integrated filters, which
could lead to lasing. Figure 7 shows a schematic of a possible implementation of such a
monolithically integrated microwave photonic phase shifter. We therefore believe that the
proposed method for achieving microwave photonic phase shifts will pave the way for future
applications in microwave photonic systems.
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