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Abstract— An integrated silicon-on-insulator microwave
photonic phase shifter is demonstrated, based on an optical
deinterleaver providing box-like transfer function and a reverse-
biased pn-junction waveguide optical phase shifter. The photonic
integrated circuit is proved to precisely control the phase of
microwave signals in a range of more than 400° with a fast
reconfiguration time of 1 ns, with a broad bandwidth of more
than 6 GHz around an RF carrier flexibly selectable between 10
and 16 GHz, and limited in-band RF power variations.
Moreover, thanks to the periodic behavior of the deinterleaver,
the device is demonstrated to correctly control the phase of
signals in the mm-wave band (> 30 GHz) as well. The
performance guaranteed by the proposed microwave phase
shifter suggests its use in demanding applications as rapidly
reconfiguring phased array antennas in future wireless
communications systems.

Index Terms—Phase shifters, Photonic integrated -circuits,
Silicon Photonics, Microwave photonics.

I. INTRODUCTION

N many microwave and RF systems, phase shifters (PSs)

are important components; For instance, they are required

for controlling the relative phase between the elements of a
phased array antenna in radars or in steerable communications
links, or for managing the signal phase in electronic warfare
systems, in microwave instrumentation, and in measurement
systems.

With the ability of naturally mapping optical phase shifts
into RF phase shifts, microwave photonics (MWP) has been
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proposed since several years as a possible mean to overcome
the limitations of electronic circuits for PS implementation
[1]-[16]. In particular, besides being immune to
electromagnetic interferences, photonics potentially offers the
additional advantages of broadband operation at large RF
carrier values, high phase accuracy with small amplitude
variations, and fast response time, which are all key features
for several emerging applications, including those in
forthcoming 5G systems. Among the different proposed
techniques, solutions based on photonic integrated circuits
(PICs) distinguished as the most promising approach for
practical MWP-based PS implementation, due to increased
stability, drastically minimized size and weight, and
possibility of low operating power. By resorting to different
technological platforms, several PICs have been realized in the
last years to implement microwave PS operation. The first
proposed solutions exploited Mach-Zehnder (MZ) modulators
to implement either incoherent I-Q vector modulation
technique [2] or coherent phase signal processing [1], [3].
Improved variations of the coherent approach have been more
recently reported in [4] and [9]. All these implementations
were realized in either LiNbO3 or polymer waveguides, and
relied on the integration of several electro-optic modulators.
Furthermore, such platforms do not support the fabrication of
active elements such as photodiodes for fully-functional PICs
implementation and, in case of LiNbOs3, fabricated devices
exhibit a relatively large footprint of few cm? Another
approach was proposed based on ultra-fast stimulated
Brillouin scattering in nonlinear chalcogenide waveguides
[10]. Large optical power levels are in this case required to
trigger the nonlinearity. Furthermore, the maximum RF
operating frequency is limited to twice the Brillouin frequency
shift of the medium, which is ~7.6 GHz in chalcogenide
glasses [10]. Applying thermo-optic effect in silica [5], silicon
[6]-[7], and Si3N4 [8] microring resonators (MRRs), is another
largely exploited technique in order to control the phase of a
microwave signal in the optical domain. In [13], a PIC
realized in silicon-on-insulator (SOI) technology that employs
a deinterleaver filter based on a MZ interferometer, and a
thermally tunable optical PS in a silicon waveguide has also
been discussed. Thermal effects are however slow, and
typically hinder operations above ~100 kHz. Another reported
approach relying on SOI technology, is based on a dual phase-
shifted Bragg grating realized in a silicon waveguide [10],
where the tuning of a laser wavelength is proposed for
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Fig. 1. (a): Schematic and operation principle of the proposed photonic integrated phase shifter. LS: laser source; SSB EOM: single-sideband electro-optical
modulator; ODF: optical deinterleaver filter; OPS: optical phase shifter; OC: optical coupler; PD: photodiode. In the scheme, fkr represents the RF signal
carrier frequency, v. the optical carrier frequency, vs» is the central optical frequency of the optical SSB modulated signal, ¢ is the variable optical/RF phase
shift. (b): Picture of the fabricated PIC implementing the MWP-PS; GC: grating coupler; MMI-OC: multi-mode interference optical coupler. Two PDs are
connected to the two MMI outputs. As shown by the scale indication, the PIC occupies an area of ~5 x 2.4 mm?’.

modifying the phase of a microwave signal. The maximum
achievable phase shift is however below 360° and the
resonant nature of the phase response limits the flexibility on
the choice of the RF carrier.

The SOI technological platform, which notably permits to
realize PICs with a CMOS-compatible process, also allows to
exploit the free-carrier modulation effect [14], as a much
faster mean (albeit weaker and with higher loss) than thermo-
optic effect for controlling the phase of an optical signal. This
has been exploited in [12], where a MRR formed by a p-i-n
junction waveguide for carrier density modulation has been
used to realize PS operation. However, a full 360° phase shift
requires to cascade multiple MRRs, and the intrinsic loss of
the free carrier-modulation effect is exacerbated by the
resonant configuration, producing large power variations
around the operating wavelength translating into RF-
dependent loss. Other recently proposed ultrafast approaches
exploits complementary phased shifted spectra [15], and
nonlinear phase amplification [16] techniques.

In this work, we present a photonic-integrated microwave
PS realized in SOI technology which simultaneously matches
the demand for wide phase-shift range, broad bandwidth, low
in-band power oscillations, fast (i.e., sub-us) reconfiguration
speed, and compatibility with CMOS integrated circuits
fabrication technology. The PIC is able to perform stable
phase shifts well in excess of 360° over a bandwidth of 6 GHz
for RF carriers spanning in the X, Ku, an mm-wave bands,
with limited in-band power variations of ~1 dB, and small
response time below 1 ns.

II. PHOTONIC INTEGRATED CIRCUIT OPERATION

The schematic structure and the operation principle of the
proposed MWP-PS are illustrated in Fig. 1(a). The core
element of the architecture, highlighted in the dashed box of
the figure, comprises an optical deinterleaver filter (ODF), an
optical phase shifter (OPS), an optical coupler (OC), and a
photodiode (PD). At the input of the circuit, the microwave
signal to be phase-shifted, which is considered to show a given

power spectral density around the carrier frequency frr, drives
a single-sideband electro-optic modulator (SSB-EOM) to
generate a sideband centered at the optical frequency vqs,
spaced by frr from the optical carrier at frequency v. provided
by a laser source (LS). The generated full-carrier SSB
modulated optical signal is then fed into the MWP-PS.

The operation of the scheme relies on optical carrier-
sideband separation performed by the ODF and subsequent
phase shift of the isolated carrier in the OPS stage, before the
two components are recombined in the OC and sent to the PD
to generate the phase-shifted microwave signal [13]. The
phase of the down-converted signal at the PD output generated
by the beating between the carrier and the sideband
components is indeed given by the phase difference of the two
beating signals. Assuming a perfect carrier-sideband isolation
at the ODF outputs, the amount of optical phase shift ¢
experienced by the optical carrier in the OPS translates into an
equal phase shift ¢ of the microwave signal at fzr without any
amplitude modulation, as depicted in Fig. 1(a).

A PIC implementing the scheme within the dashed box of
Fig. 1(a), has been designed and fabricated in SOI technology
through a multi-project wafer run [17]. A microscope picture
of the fabricated SOI PIC is shown in Fig. 1(b). To inject the
optical signals into the photonic circuit, a grating coupler (GC)
is used for vertical coupling with the accessing optical fiber.
The ODF is implemented by a MRR-loaded MZ
interferometer [18]. The OPS element is realized in a 4.25
mm-long interdigitated p-n junction, embedded in a silicon rib
waveguide. The desired phase shift is achieved by applying
the proper reverse voltage to the junction, which causes a
variation in the extension of the depletion region. The
corresponding change of the waveguide effective index allows
for controlling the phase of the optical signal at the output of
the OPS. A 2x2 multi-mode interference (MMI) OC
recombines the phase-shifted optical carrier and the modulated
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Fig. 2. (a): Mask layout of the fabricated optical deinterleaver filter (ODF);
MZI: Mach-Zehnder interferometer; MRR: microring resonator; MMI OC:
multimode interference optical coupler; DC: directional coupler. (b):
Details of DC mask layout; Design parameters: DC gap, Gpc, DC length
Lbc, sine bend (SB) length, Lsg, and height, Hsg; (¢): Finite-difference time
domain (FDTD) simulations of the DC power coupling coefficient vs. Lpc.

TABLE I: ODF DESIGN SUMMARY

MZI MRR DC DC gap SB SB
delay length length Gbc Length Height
AL Loc Lss Hss
2.7 mm 2AL 33 um 0.3 pm 20 pm 40 pm

sideband. By exploiting the two available phase-offset replica
of the microwave signal, two p-i-n germanium PDs, with a
-3dB bandwidth of ~20GHz, have been connected to each
output waveguide the 2x2 MMIL This has been done with the
aim of realizing a subsequent off-chip balanced configuration
for the PDs on a printed circuit board, by properly connecting
the ground and signal contacts of the PD pairs, which has the
twofold advantage of a 6 dB improvement in the output RF
power and common mode noise cancellation.

The ODF has been designed to implement a 3™-order half-
band elliptic filter with a target minimum stopband attenuation
of 30 dB [19]. The mask layout of the fabricated ODF is
shown in Figure 2(a). Besides the 2x2 MMI OCs at the MZI
input/output ports, all other structures are implemented with
450 nm-wide silicon strip waveguides. A directional coupler
(DC) with sine bends (SB) is used to partially couple the light
in the shorter branch of the MZI with a MRR in racetrack
configuration (the radius of the bent section is 30 pm). Details
of the fabricated DC mask layout are also shown in Fig. 2(b),
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Fig. 3. Measured (solid blue line) transmission spectrum of the ODF, and
corresponding design simulation (dashed green line) curves. The filter’ free
spectral range is ~26GHz; the -1dB bandwidth is ~10 GHz. Inset: details of
a -1dB passband, showing typical amplitude ripple of less than 0.4 dB.
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Fig. 4. Measured relative phase shift A vs. applied reverse bias to the p-n
junction waveguide OPS.

along with corresponding finite-difference time domain
simulation of power coupling coefficient versus DC length in
Fig. 2(c). All the relevant design parameters for the ODF are
listed in TABLE 1. Resistive heaters (not shown in the ODF
mask layout), implemented with p-doped waveguides, have
been placed in proximity of both MRR and MZI structures to
realize a m phase difference between the corresponding
resonances for proper filter operation.

The optical transmission spectrum of the ODF at one output
port, measured on a test structure, is depicted in Fig. 3. A
periodic box-like transmission is observed, exhibiting a flat
passband with a -1 dB bandwidth of ~10 GHz and steep roll-
off. The free-spectral-range (FSR) is ~26 GHz, whereas the -
30 dB stop-band width is around 6.5 GHz. The fabricated
ODF transmission output shows a very good agreement with
the simulated target design, where a value of ~1.7 dB/cm has
been used for the propagation loss of the strip waveguides, as
available from the photonic design kit of the technological
process. At the other ODF output, a complementary spectrum
is retrieved. The OPS has also been characterized on a text
structure, by embedding it within a MZ interferometer and
observing the power variations of the output optical signal
from the interferometer as a function of the applied reverse
bias to the p-n junction. The measured characteristic of the
OPS is plotted in Fig. 4, where a linear 475° phase shift over a
bias range of 8V for the p-n junction reverse bias is reported,
giving the considerable precision of 0.06°/mV.

III. EXPERIMENTAL RESULTS

The integrated MWP-PS has been characterized using the
set-up of Fig. 5. A nested dual MZ modulator (NDMZM) has
been used to generate a full-carrier SSB modulated optical
signal from a LS. To this scope, a quadrature replica of the
output frequency from a vector network analyzer (VNA) is
generated through a 90° hybrid coupler. The two signals are
then fed to the two RF ports of the NDMZM, which is biased
such to produce 90° phase difference between the optical paths
in the main MZ structure [20]. A typical spectrum of the
signal at the NDMZM output is shown in Fig. 6 (blue solid
line). After NDMZM, the generated SSB-modulated signal
power is boosted by an erbium-doped fiber amplifier (EDFA)
up to ~10 dBm and then injected into the MWP-PS PIC.
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Fig. 5. Microwave photonic phase-shifter (MWP-PS) characterization
experimental setup. LS: Laser Source; VNA: Vector Network Analyzer;
DPMZM: dual parallel Mach-Zehnder modulator; EDFA: Erbium-Doped
Fiber Amplifier; PC: Polarization Controller; PIC: Photonic Integrated
Circuit; OPS: Optical Phase Shifter.

Before entering the PIC, the optical signal passes through a
polarization controller (PC) for maximizing the coupling
efficiency of injected light with the fundamental TE mode of
the silicon waveguides in the PIC through the GC. The optical
carrier generated by the LS is tuned in the center of the ODF
passband window by which it is routed towards the OPS
branch of the MWP-PS (see Fig. 1(a)). Inside the PIC, the
depletion region of p-n junction embedded in the OPS
waveguide is controlled by a DC voltage source, operating the
junction in reverse bias condition. To test the RF bandwidth of
the proposed MWP-PS, the VNA has been operated in the
sweep mode over a proper frequency range, so that the
sideband optical frequency spanned across the ODF passband
at the output port connected to the pass-through path of
Fig. 1(a). The corresponding signal spectrum after the MMI
coupler comprising the phase-shifted carrier and sideband,
observed at one output of the 2x2 MMI on a test structure with
GCs replacing the PD pairs, is also shown in Fig. 6 (red dotted
line). From the figure, an attenuation of ~12 dB for the carrier
due to free-carrier absorption during propagation in the 4.25
mm-long doped OPS waveguide can be observed. This value

is in agreement with the value of 30 dB/cm provided by the
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Fig. 6. Optical spectra of the SSB-modulated signal at PIC input/output
for a 13 GHz microwave frequency driving the modulator. Input
spectrum (blue, solid line) is normalized to carrier power; output
spectrum (red dotted line), taken at one output of the MMI 3dB optical
coupler on a sample structure without integrated PDs, is normalized to
input upper sideband power.

documentation of the technological process. The broadband
strong carrier-to-sideband isolation of more than 30 dB
provided by the ODF guarantees that the phase-shifted carrier
entering the OC is about 20 dB higher than the residual un-
suppressed carrier at the other input of the OC, making
interference effects at the coupler output negligible over a
band in excess of 6 GHz. For the PIC used in the set-up of
Fig. 5, the photodetected microwave signal produced by
carrier-sideband beating in the PD is collected through an
electrical probe and then sent back to the VNA for MWP-PS
performance evaluation through magnitude and phase
measurement of the Sy parameter.

In a first set of measurements, the output continuous-wave
frequency from the VNA is swept over a bandwidth of 6 GHz
around the central value of frr =13 GHz. Therefore, the

frr=13GHz
f.r=39GHz

’
Vb Vb c
Fig. 7. Schematic representation of the position of the LS optical carrier vc
and sideband optical frequency vs» with respect to ODF transfer functions
OUT1 and OUT?2 at its output ports for two exemplary values of the RF
carrier frr.

sideband of the full-carrier SSB modulated signal is swept
over the transmission passband of the lower port of the ODF
towards of Fig. 1(a). A sketch of the experiment description in
the frequency domain is also shown in Fig. 7, where the
position of the carrier and sideband optical frequencies
relative to the ODF passband windows at its complimentary
outputs for two relevant values of frr are schematically
illustrated. The corresponding measurements on Sz
parameters are reported in Fig. 8, where both the argument
and phase of the S, parameters over the considered frequency
span are reported for different values of the bias voltage
applied to the OPS. By delivering the NDMZM output directly
to a test PD in the PIC, a reference signal for both amplitude
and phase response has been retrieved to balance out the
frequency response of the NDMZM, 90° hybrid, and PD.
After reference calibration, the curves of the phase response
illustrate an almost flat phase shifts in the whole 6 GHz band,
spanning over more than 450°, as the OPS control signal
ranges between 0 and -8V. To compensate for additional delay
introduced by the external circuitry and cables the VNA delay
compensation function has been used, where the same value of
the compensating delay has been used for all the traces. The
standard deviation of the measured phase response in the full
bandwidth range stays below 2° over a 360° phase shift. Due
to the box-like ODF transmission, the power oscillations in the
6 GHz span for all the considered voltage values are limited
and well confined within 0.8 dB, as illustrated in the
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elliptic half-band filter with minimum stopband attenuation of

kS % 01_5 30 dB, has been employed. The simulated transmission of the
rg 2 g L filter is compared in Fig. 9 with those of a two and a three
23 05f ] rings-loaded MZI, corresponding to 5% and 7™ order elliptic
Eé -1 designs [19], respectively, with the same 30 dB minimum
- [ ‘ ‘ Y stopband attenuation. A propagation loss value of 1.7 dB/cm
® 200¢ 7V 7 has been used for all the simulations. As shown in the figure,
% 1000 6V | the -30 dB stopband is increased from about 8 GHz in the
g ix single-ring case to around 11 dB in the double-ring MZI. A
2 0r 3v ] marginal improvement of less than 1 GHz is obtained with the
g 100 m‘ 2v | triple-ring architecture, which might not justify the increased
& | 1v complexity in the filter design and control systems.
.nc(‘j -200¢ oV - The periodic response of the ODF reported in Fig. 3, where
w : the FSR of 26 GHz denotes the frequency spacing between

10 " 12 13 14 15 16 consecutive passband windows, indicates that strong-rejection
Frequency (GHz)

Fig. 8. Magnitude (top) and phase (bottom) response of the MWP-PS, as a carrier-sideband isolation can be obtained around any RF
function of the VNA output RF frequency, over a 10-to-16 GHz frequency carrier value that is an odd multiple of half the FSR. This
span. The magnitude response traces are normalized to the average value. property thus enables to suitably extend the described MWP-
The phase response traces correspond to an applied bias voltages ranging PS operation up to the mm-wave band, which is particularly
(from top to bottom) between 0 and -8V with -1V steps. The voltage . . . . . R .
excursion ensuring a phase shift of 360° corresponds to ~6 V. appeahng for several emerging app lications, mCludmg hlgh'
. . speed wireless communications in 5G systems [21]. In order
normalized magnitude response curves. The average power 4 4qces mm-wave band operation, the central value of the

variation 9f the RF signgl for a _3 60° .pha.se shift,  yNA frequency sweep has thus been set to fzr = 39 GHz, as
corresponding to 6V control signal excursion, primarily due to

the slightly voltage dependent loss characteristic of the pn-

doped waveguide in the OPS, is ~2.5 dB. The amplitude e i%,

variations of the RF signal for different phase-shift values can *E 2

be eliminated using an additional variable attenuator stage in 29

the PIC [13]. Similar characteristics have been observed by = é )

tuning the LS carrier frequency at the short- and long- : : : : : v

frequency edge of the ODF passband, and performing a 6 GHz S 200f 7V

sweep around fzr = 10 GHz and fzr= 16 GHz, respectively, S oVl

illustrating the potentials of the scheme for flexible operation g 10— 5y

with different RF carrier values. The corresponding fractional § 0 :: Ui - B ;:: krTer

bandwidth of the photonic integrated microwave phase-shifter 3 3v

for RF carriers in the X to Ku bands is thus between 46% and % -f00f Y

50%, illustrating the broadband capabilities of the proposed © LV
< 200f 0Vv]

approach. o —

As schematically illustrated in Fig. 7, the maximum and 36 3'7 3’8 3’9 4'0 4'1 42
minimum frequencies at which the scheme operation is Frequency (GHz)

guaranteed, depend on the sharpness of the carrier-sideband  Fig. 10. Magnitude (top) and phase (bottom) response of the MWP-PS, as a

separation filter. Thus, by designing a higher order ODF, the function of the YNA output RF frequency, over a 36-to-42 GHz frequency
span. The magnitude responses traces are normalized to the average value.

f)peratlon bgndw1dth cou%d be 1mproved. In' me reported The phase response traces correspond to an applied bias voltages ranging
implementation, a single ring-loaded MZI, realizing 3™-order  (from top to bottom) between 0 and -8V with -1V steps.

: ‘ ‘ schematically illustrated in Fig. 7. Since the integrated

o — 1 MRR]| germanium PD in the PIC provided a very limited response at
S-10 _§ mgg i such frequencies, a test structure with a GC for optical output
z access after the MMI coupler has been used in conjunction
é -20F ] with an external PD with -3dB bandwidth of 35 GHz. The
2 results of the measurements, which have been performed in a
g 30 - N\ similar manner as in the case of Fig. 8, are reported in Fig. 10,
= 40 \\ \ // illustrating the potentials of the proposed scheme for PS

operation in the extremely high frequency (EHF) region. The
50 ‘ : : : : measured RF power variations are within ~1.5 dB over the
-10 -5 0 5 10 . . .
Af (GHz) considered frequency span in the whole 8V voltage excursion,
Fig. 9. Simulated design responses of the ODF implemented with single, whereas the maximum standard deviation of the phase is

double, and triple MRR-loaded MZI.
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Fig. 11. (a): Experimental set-up for integrated MWP-PS step-response measurement. AWG: arbitrary waveform generator; LS: laser source; EDFA:
erbium-doped fibre amplifier; PC: polarization controller; PIC: photonic integrated circuit; OPS: optical phase shifter; MWP-PS: microwave-photonics
phase shifter. (b): Oscilloscope traces of the amplitude-converted signal at PIC output (red, solid line) and square-wave signal applied to OPS (blues,
dashed line). (c): Details of the rising (left) and falling (right) edge of the step-response reported in (b).

around 3.5°. These fluctuations are partially ascribed also to
the increased sensitivity of both the reference and sample
traces to noise oscillations due to the limited bandwidth of the
available electrical equipment in the set-up. For the case of
fre= 39 GHz, the fractional bandwidth of the photonic-
integrated microwave phase-shifter is reduced to ~15%, which
is the trade-off for flexible selection of the operating RF band
offered by the device. By specifically designing the ODF in
order to provide a FSR of about 80 GHz (which could be
simply accomplished by changing the delay paths in the MZI
and MRR comprising the ODF), a fractional bandwidth of
about 50% around a target RF carrier of 40 GHz would be
possible. Generally speaking, in order to further increase the
broadband operation of the circuit, an add/drop filter with
bandwidth-to-FSR ratio lower than 50%, rather than the half-
band ODF used in this implementation, could be adopted.
Clearly, the sharpness and high contrast of the carrier/sideband
separator filter should be preserved. To this scope, either high
order serially coupled MRRs [22], MRR-loaded MZI
structures [23], [24], or integrated high-order phase-shifted
Bragg gratings [25] could be used.

IV. OPS RESPONSE TIME MEASUREMENT

The interdigitated pn-junction implementing the OPS has been
dimensioned to provide a phase shift in excess of 2 with a
reverse voltage below the junction breakdown voltage of ~9
V. A moderate doping level has been chosen to keep the
propagation losses to within an acceptable level. These design
constrains resulted in a relatively long longitudinal junction
waveguide of 4.5 mm. In order to fully exploit the intrinsically
large carrier-density modulation bandwidth (which is typically
several tens of GHz in interdigitated or lateral p-n junction) in
such long device, a travelling-wave electrode design would be
required. However, in order to simplify circuit design, and
reduce the overall layout footprint, a lumped-electrode
approach has been chosen for the control signal responsible
for depletion-region modulation, which resulted in a relatively
large RC time constant. Nevertheless, this choice is justified
by the fact that for practical PS application envisioned in 5G
systems, a sub-ps response time can be accepted. In order to
assess the response time of the fabricated OPS, the set-up
reported in Fig. 11(a) has been employed. For this
measurement, the output of a CW LS is directly amplified by
an EDFA and launched into the MWP-PS PIC, after

polarization adjustment through a PC. In particular the LS
wavelength has been tuned in correspondence of the ODF
transition bandwidth region, in order to split the incident light
on both the ODF output ports such that the two signal replica
recombines in the MMI-OC with similar amplitude. In such
configuration, any change in the optical phase produced by the
OPS translates into an intensity- modulated signal at the PD
output. A large-signal analysis of the OPS modulation
bandwidth has thus been performed by driving the p-n
junction waveguide with a step-function signal generated by
an arbitrary waveform generator (AWG). A bias-tee has been
used to couple the signal with the dc reverse voltage in order
to prevent forward biasing of the junction. A square-wave
signal with a peak amplitude of 2V, corresponding to a phase
shift as large as ~0.7n has been used. The corresponding step-
response of the OPS has been evaluated by monitoring the PD
output signal on a sampling oscilloscope, as illustrated in Fig.
11(b) (red solid line), where the AWG output signal (blue
dashed line) is also shown for comparison. The details of the
rising and falling edges of the signal at the PIC output are also
reported in Fig. 11(c), showing a fast settling time below 1 ns.

V. CONCLUSION

A photonic integrated microwave phase-shifter has been
realized in CMOS-compatible SOI technology. The device
operation is based on carrier-sideband isolation from a full-
carrier single-sideband modulated signal in an optical
deinterleaver filter and on the processing of the optical carrier
phase alone in an optical phase shifter. The circuit
characterization confirmed wide phase shifts in excess of 360°
for a 6V variation in the signal driving the optical phase
shifter, with almost linear characteristic, corresponding to a
precision below 0.1°/mV. Broadband operation is ensured by
the box-shaped optical deinterleaver feature, which enables
high-rejection carrier-sideband isolation over a typical
bandwidth of 6 GHz and limits the in-band RF power
variations to within 1 dB, besides improving the scheme
stability against thermal and environmental fluctuations. The
flat-top characteristic of the periodic deinterleaver passband
window also permits flexible choice of the RF carrier over the
X, Ku, and Q bands, which illustrates the potentials of the
scheme for photonic processing of signals for mm-wave
communication systems. By designing the optical
deinterleaver filter with proper FSR other microwave spectral
bands can be covered as well. Additionally, by implementing
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the optical phase shifter in a p-n junction silicon rib
waveguide exploiting fast carrier-depletion modulation effect,
a small reconfiguration time of about 1 ns is achieved, which
outperforms previous realizations in SOI technology based on
thermo-optic effect. The relatively large insertion loss of the
optical phase-shifter due to free-carrier absorption in doped
waveguides could be eliminated using recently proposed
approach for optical phase modulators based on ultra-fast DC
Kerr effect in silicon [26]. The integration of germanium
photodiodes provides improved chip functionality, by enabling
the access of the phase-shifted microwave signal through
electrical contacts, which ease the possible packaging of the
device for practical system applications. The overall circuit
footprint is ~10 mm?. Further increased functionality could be
achieved by on-chip integration of the single-sideband
modulator as well. The scheme is therefore a suitable
candidate for practical system applications such as rapidly-
reconfiguring beam-steering in phased array antennas for
future 5G systems.
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