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Abstract—A novel, hardware-compressive architecture for
broadband and continuously tunable integrated optical true-time-
delay beamformers for phased array antennas is proposed and ex-
perimentally demonstrated. The novel idea consists in employing
the frequency-periodic response of optical ring resonator (ORR)
filters in conjunction with on-chip wavelength division multiplex-
ing (WDM), in order to create multiple signal paths on an individ-
ual beamformer channel. This novel idea dramatically reduces the
network complexity and, in turn, its footprint on the wafer. This
allows the integration of an unprecedented number of delay chan-
nels on a single chip, ultimately overcoming the main limitation
of integrated optical beamformers, that is, the difficulty to feed
antenna arrays with many elements using a single integrated chip.
A novel beamformer has been realized based on this technique,
using the ultra-low-loss TriPleX waveguide platform with CMOS-
compatible fabrication equipment, and its functionality is demon-
strated over an instantaneous bandwidth from 2 to 10 GHz. This
result, at the best of our knowledge, represents at the same time
the record instantaneous bandwidth (8 GHz) for an optical beam-
former based on ORR, and the first demonstration of an integrated
beamformer where the periodic response of ORRs is exploited to
process signals from different antenna elements, simultaneously,
using a single delay line.
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1. INTRODUCTION

NTEGRATED microwave photonics IMWP) is a novel field
I in which the fast-paced progress in integrated optics is har-
nessed to provide breakthrough performance to well established
microwave photonic processing functions, traditionally realized
with discrete optoelectronic components [1], [2]. A field where
IMWP can have a strong impact is the one of optically controlled
antennas. Phased array antennas offer a number of attractive
characteristics, including conformal profile, electronic beam-
forming (beam shaping and beam steering), interference nulling
and the capability to generate multiple simultaneous antenna
beams. In many cases, however, the performance of a phased
array is limited by the characteristics of the beamforming net-
work (BFN) used. It is generally desired—but also difficult—to
realize electronic beamformers with broad instantaneous band-
width, continuous amplitude and delay tunability and, at the
same time, capable of feeding large arrays [3]. For this reason,
a large amount of research has been directed over the years
to optical beamforming. Photonic solutions have shown high
performance in terms of operating frequency and bandwidth,
but are often bulky, costly, power-hungry, and with low flexibil-
ity, since they are generally based on bulk optics and discrete
standard optoelectronic devices. Those drawbacks practically
limited the diffusion of optical beamforming in real life ap-
plications and contributed in reducing the interest in optical
beamforming in the past decade. Nonetheless, IMWP solutions
have shown the possibility to realize low-loss, low-power, com-
pact and lightweight processors, and to strongly reduce their
unit cost thanks to the high yield and reproducibility of the
CMOS compatible production process, while retaining or im-
proving the performance. This important perspective paves the
way towards extending the application of smart antennas to
domains where size and weight are critical (e.g., aerospace,
portable devices, access networks, etc). Therefore, integrated
photonic beamformers appear to be a promising solution when
high performance and reconfigurability is also needed. In line
with this approach, in our previous works [4], [5] we have
proposed a number of broadband integrated beamformers real-
ized with photonic integrated circuits, using a delay unit based
on optical ring resonators (ORR), combiners, and an optical
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sideband filter (OSBF) used to generate optical single-sideband
modulation (OSSB). Recently, these chips successfully demon-
strated squint-free operation for DVB-S satellite reception [4].
However, these integrated solutions still cannot offer the high
degree of parallelism of bulk optics, where the control signals for
many antenna elements (AE) can be processed simultaneously
by the same optical device, to feed thousands of AEs indepen-
dently [6]. In this case, even using a binary-tree topology [4],
[5], a programmable OBFN may become very complex, espe-
cially considering the total number of tuning elements required
for chip control, and are practically limited to a low number of
AEs (up to 16 demonstrated in [7]) or must rely on multiple
chips [8].

Over the years, several hardware-compressive techniques
have been proposed to improve the capability of optical beam-
formers to feed large arrays [9]. Solutions based on free-space
optics have been demonstrated, employing polarization switches
and spatial light modulators (SLM) based on liquid crystals to
realize thousands of independently addressable delay lines in
parallel, employing a single device [6], [10]. Other hardware-
compressive techniques are based on the use of wavelength
division multiplexing (WDM) to implement multiple delays on
a single delay line and feed multiple antenna elements. These
are typically based on dispersive delay elements such as fiber
Bragg gratings (FBG) operated in reflection [11], where differ-
ent wavelengths experience different values of group delay. The
main drawback of these solutions is their bulk, as large arrays
require long fibers to generate large delays, the need of a circu-
lator that adds complexity and extra loss, limited delay flatness
in band and high sensitivity to temperature variations. The in-
tegrated optical BFNs reported to date have the advantage of
higher compactness, stability and reliability, but offer a limited
degree of parallelism, since a separate signal path is required
for each antenna element.

In this paper, a novel hardware-compressive network architec-
ture is proposed that introduces parallelism on-chip. The WDM
technique and the frequency-periodic characteristic of the ORRs
[4] are exploited to achieve multiple delays on a single beam-
former channel [12]. Similarly to architectures based on dis-
persive delay elements, a single delay line implements different
delay values to feed multiple antenna elements. In turn, this
allows a dramatic reduction of the number of required ORRs
and, correspondingly, of the network area (almost a factor 10
already for a 16 x 16-element array) therefore removing the
main limitation of integrated optical beamformers. The idea has
been translated into an actual layout, and the resulting multi-
wavelength beamformer has been fabricated and tested in its
basic functionalities. The use of this novel technique, in con-
junction with high index contrast waveguides in TriPleX tech-
nology, further reduces chip footprint and provides a two-fold
advantage, that is, (7) it allows to use integrated OBFNss to feed
large arrays, and/or to reuse the ORRs for broadening the in-
stantaneous bandwidth [4], as demonstrated in this work, and
(ii) enables multi-beam applications.

This work is an expanded version of the work presented in
[13]. The analysis of the complexity reduction is described in full
detail, including a table displaying the improved performance
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Fig. 1. The periodic response of the ORRs is exploited to delay multiple
wavelength-multiplexed signals (from [13]).

of our solution. The functionality of the main building blocks
is thoroughly described, including a detailed schematic of each
subsystem and of the overall layout. The experimental character-
ization of the chip has been completed with new measurements,
including the full optical characterization of the on-chip demul-
tiplexer by means of new tests conducted on a separate chip.
Fabrication details and design tradeoffs are included, together
with new pictures of the chip and the measurement setup. Fi-
nally, we describe the electrical and optical tests required for
chip selection; we suggest a strategy to choose the parameter
variations to maximize the yield; we describe the techniques
employed and the setup required for the optical characterization
of the chip.

The paper is organized as follows. Section II introduces the
novel idea and the theory of operation of the proposed multi-
wavelength (MWL) beamformer, including a detailed analysis
of the asymptotic complexity reduction. Section III describes
the system architecture, the operating principle and the charac-
teristics of the main OBFN subsystems. Section IV shows the
chip layout and explains the optical test procedure. In Section V
the measurement setup is described and the experimental results
are displayed and discussed. Section VI gives the conclusions.

II. THEORY

A. Multi-Wavelength Beamformers

Optical delay lines (ODL) are fundamental components for
a number of all-optical and microwave photonic signal proces-
sors. Rasras et al. [14] proposed the use of optical ring resonators
(ORR) to implement continuously-tunable ODLs. The operating
principle has been described extensively in our previous works
[4], [5], [7], where we have shown complete optical beamform-
ers based on this concept. Here we present a breakthrough idea
that allows a dramatic reduction of complexity. It exploits the
frequency periodicity of the ORRs optical response [12], char-
acterized by a periodically-repeating group delay response over
frequency, with a period equal to the free spectral range (FSR) of
the ORR (see Fig. 1). This characteristic introduces a very large
number of “delay bands” with equal group delay, which can be
exploited to reuse the same physical delay line for many times,
providing a dramatic reduction of complexity. Thus, instead of
having a separate delay line for each AE, the idea is to optically
multiplex signals originating from different AEs on separate
optical carriers (wavelength division multiplexing, WDM) with
frequency spacing equal to the FSR (or an integer multiple), and
use a single delay line to process as many WDM multiplexed
signals as desired. This concept is applicable to all arrays with



BURLA et al.: MULTIWAVELENGTH-INTEGRATED OPTICAL BEAMFORMER BASED ON WAVELENGTH DIVISION MULTIPLEXING

Horizontal beamforming Vertical beamforming

optical combiner
N\

4x4 array

Q

out

phase shifter

7 . delay units 5

laser (a)

11+21+31+41

12422+32+42
13+23+33+43 -
14+24+34+44 —>

Horizontal beamforming | Vertical beamforming

demultiplexer

multiple
wavelength
A lasers

input
multiplexers

modulators

antenna
array

©

Fig. 2. 4 x 4 array with separable illumination and corresponding beam-
former (a), compared to the MWL-OBEN (b). Note the dramatic reduction in
the number of ORRs, area and heaters required. Block diagram representing the
connection between the 4 x 4 array and the MWL-OBFN (c).

separable illumination [3], which is a very common case in prac-
tical applications. In this type of array, the array factor can be
defined by separately specifying the relative delays among the
vertical subarrays (therefore providing horizontal beamsteering,
since each of them can be considered as a single element of a
horizontal 4 x 1 array) and between the horizontal subarrays
(therefore providing vertical beamsteering, since each horizon-
tal subarray can be considered as a single element of a vertical
4 x 1 array) [15]. The physical meaning of this concept can be
more easily shown by the following example.

In [7] we proposed a planar beamformer used to feed a planar
array of 16 elements with separable illumination. This beam-
former is based on a binary tree structure, as in Fig. 2(a). The
network consists of two sections, the first composed by 4 bi-
nary tree stages with four inputs each (labeled “1” through *“4”
in Fig. 2(a)), used to feed the antenna rows, and the second
(labeled “5”) including a single 4 x 1 binary tree stage that
provides the desired delay relation among the columns. During
operation, the Sections I-IV have all the same delay settings,
since it is the relation between the vertical subarrays that deter-
mines the horizontal beamsteering. For this reason, they could
be conceptually reduced to a single 4 x 1 binary tree (labeled
“1” in Fig. 2(b)) where the signals are being multiplexed. This is
possible by employing WDM in conjunction with the frequency
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TABLE I
ASYMPTOTIC COMPLEXITY COMPARISON BETWEEN SWL AND MWL-OBFN

N Nr. Nr. ORR Nr. Total nr. Nr. Total nr. ORRs
AEs /sec. sections ORRs sections (MWL)
(SWL) (SWL) (MWL)
2 4 3 3 3 2 2
4 16 4 5 20 2 8
8 64 12 9 108 2 24
16 256 32 17 544 2 64
N N2 (N/2) N +1 (N + 2 2(N/2)
logy (V) 1)(N/2) logy (V)
log, (V)

Asymptotic complexity comparison between the single-wavelength and multi wavelength
OBFN architectures. (Assumptions: N is a power of 2; antenna array planar and square (N
x N); separable illumination)

N = nr. of antenna elements on each side of the square array. ORRgw 1, = Nr. ORRs
(SWL) = (nr. of sections, SWL x ORRs/section). ORRy w1, = Nr. ORRs (MWL) = (nr.
of sections, MWL x ORRs/section) = (2 x ORRs/section).

periodic response of ORRs, which is exploited to allocate the
wavelength-multiplexed signals in different periods of the ORRs
response (see Fig. 1).

B. Complexity Analysis

From the schematic in Fig. 2, it can be seen that the proposed
technique allows a dramatic reduction of number of ORRs re-
quired with respect to the case of a traditional binary-tree single-
wavelength architecture, as the one depicted in Fig. 2(a). This
reduction is more sensible for a larger number of elements (see
Table I). This is of paramount importance since, in practical
implementations, the dominant factor in wafer area occupation
is given by the ORRs [4], therefore their number is an accurate
indicator of the required die area. For an asymptotic complex-
ity analysis, we assume the realistic assumptions that the array
is square (N x N), being N a power of 2, and that 1 ORR is
sufficient to create the desired delay among adjacent AEs (as in
the cases shown before [4], [5]), it can be shown [16] that the
number of ORRs in each OBFN stage is (NV/2)logs (N). The total
number of ORRs equals the ORRs per stage multiplied by the
number of stages, that is IV + 1 in single wavelength OBFNs
(SWL-OBFN) and only 2 for MWL-OBFN (see Fig. 2(b)). Thus
the total number of ORRs for a SWL-OBFN and for a MWL-
OBFN are respectively given by the equations

ORRswy, = (N +1) K]2V> logQ(N)] € O(N?log, N)
(1)

and

ORRmwL = (2) [(];[) log, (N)] € O(Nlogy N). (2)

The big O notation [17] has been used in (1) and (2) to rep-
resent the speed of growth with respect to N. When we plot
the two functions versus N, as in Fig. 3, we can see that the
reduction of complexity becomes dramatic already for relatively
small numbers of AEs. In fact, for a 36 (6 x 6) elements ar-
ray, the number of ORRs surpasses 50 (the largest ORR-based
OBFN realized so far contains 40 ORRs [7]), corresponding
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Fig.3. Number of ORRSs versus array dimension, for single-wavelength (red)

and multi-wavelength OBEN (blue). N indicates the number of elements on each
side of a square antenna array.

to over hundred independent control signals, in addition to the
tuning elements required for combiners and phase shifters on
chip. Employing a MWL-OBFN, instead, the same number of
elements could control an array with 256 AEs, which would
otherwise require more than 500 ORRs, meaning thousands of
control elements on a single chip, which is way beyond the limit
of the photonic integration technology currently employed.

The large reduction in number of ORRs required provides, in
turn, a reduction in system complexity, in chip area occupation,
in power and heat dissipation needed to program and control the
beamformer. In addition, the saved area can now be employed
to add ORRs for the scope of broadening the instantaneous
bandwidth, as demonstrated in the following sections.

Note that in this discussion the presence of the multiplexer
and demultiplexer stages, required in the MWL architecture,
Fig. 2(b), have been neglected in the complexity calculation.
Nonetheless, as will be seen in the following, those components
do not include ORRs which are considered in this study as the
most impactful elements on the system complexity, in terms
of tuning and required die area occupation, and thus have a
limited impact on the fractional complexity, especially for large
numbers of N which the use of the multi-wavelength technique
is aimed for.

III. SYSTEM ARCHITECTURE AND OPERATION

A. Basic Sections

The MWL-OBFN is composed by seven cascaded sec-
tions, as shown in Fig. 4: (1) Optical phase shifter Section I;
(2) Horizontal beamforming section; (3) Optical demultiplexer;
(4) SCT section; (5) Optical phase shifter Section II; (6) Vertical
beamforming section; (7) Optical sideband filter.

B. Operating Principle

A demonstrator of the MWL-OBFN has been designed
according to the schematic shown in Fig. 4 to feed a 16-
elements antenna array. The chip has only four inputs, each
of them carrying the signals originating from four different
antenna elements (for a total of 16 AEs), which are wavelength-
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Fig. 4. Schematic representation of the multi-wavelength, multiple-signal-
path OBFN, intended to feed a 4 x 4 planar antenna array.

multiplexed using different optical carriers with a channel spac-
ing Af = 100 GHz. After passing through independent optical
phase shifters (1), in the horizontal beamforming section (2),
those signals are delayed with respect to each other by the delay
units 71 and 79 (see Fig. 4) and then optically combined. This
allows horizontal beamsteering (see also Fig. 2) of the main
lobe of the generated antenna pattern. The combined output is
then applied toa 1 x 4 demultiplexer (DEMUX, 3). Each wave-
length is used to modulate the signals of the same row (see
Fig. 2(c)). As a consequence, each output of the DEMUX car-
ries the combination of signals received by the antenna elements
of the same row. Those signals are then applied to the second
part of the MWL-OBFN, namely the vertical beamforming sec-
tion (6), where they are delayed with respect to each other by
the delay units 71 and 79. This operation corresponds to the
vertical beamsteering. The horizontal and vertical beamsteering
sections have symmetric binary tree architecture. As demon-
strated in [19], it can be shown that the choice of using two
distinct delay elements 71 and 79 placed on the binary tree as in
Fig. 4 allows to minimize the complexity of the individual de-
lay elements, and ultimately has the effect to reduce the overall
network complexity, with respect to the case of using a single
independently-tunable delay element per input. An optical side
band filter on-chip (7) is used to select only one sideband plus
the optical carrier, for each of the laser wavelengths, as shown
in Fig. 5.

The filter consists of an asymmetric Mach—Zehnder interfer-
ometer loaded with an ORRs on each interferometer arm [18].
The FSR of the filter has been chosen equal to 25 GHz in such a
way that the periodic response can be used to filter the four IM
carriers (100 GHz apart) simultaneously, as shown in Fig. 5(b).
Optical single-sideband (OSSB) modulation is preferred since it
allows a strong reduction in the required delay bandwidth [19],
and the carrier is kept to allow direct detection of the RF signals.
A filter with the same architecture and technology has already
been realized and characterized, and the results are reported in
[18]. A thorough description of the operation of the delay units
is given in [4], [5], [7].

The optical demultiplexer (3) has a binary tree structure based
on asymmetric MZIs (AMZIs) [20], with different values of
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Fig. 6. Block diagram of the 1 x 4 demultiplexer.

FSR, as shown in [21]. The FSR of an AMZI is determined
by the difference in path length between the branches of the
interferometer. The FSR has to be chosen in order to separate
the four wavelengths of four lasers (11, A2, A3, A4) that, in our
example, have a channel spacing Af of 100 GHz. The resulting
structure and the choice of the FSR for the different AMZIs is
shown in Fig. 6.

The demultiplexer is composed of two stages (see Fig. 6). The
first stage contains an AMZI with an FSR = 200 GHz, used to
separate the four wavelengths into the two couples of channels
(A1, A3)and (Ag, A4). The second stage contains two AMZIs with
an FSR = 400 GHz. This will be used to effectively separate
the individual wavelengths into the four inputs of the vertical
beamformer section, as will be shown in Section V.

A carrier tuner (CT, 4) is placed at each output of the op-
tical DEMUX. It consists of a separate couple of optical ring
resonators whose resonant wavelengths will be tuned in such a
way to modify the phase of the carrier frequency only, separately
from and without affecting the one of the information signal. In
particular, the phase of the carrier must be made equal to the one
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test structures
chip

IMWP processor
(36 x 8 mm)

Fig.7. Picture of the realized chips (MWL-OBFN dimensions: 36 x 8 mm?).
electrical output
Fig.8. Testchip on the bare fiber alignment setup. The chuck provides support

and heat sink. The chip is kept in place using a vacuum pump.

that it would have experienced in the case in which broadband
ideal delays had been used. The concept of SCT using optical
ring resonators has been described in detail and experimentally
demonstrated in [22].

IV. CHIP SCHEMATIC AND LAYOUT

The functional schematic in Fig. 9 has been translated into
a mask layout by LioniX BV, as represented in Figs. 10 and
11. The different sections of the MWL-OBFN processor are
made accessible at the external optical interfaces via multiple
test ports, for subsystem test purposes (see Fig. 11).

The chip has been fabricated on low-loss TriPleX waveguide
technology [18] by LioniX BV. The overall dimension of the
fabricated chip is 36 x 8 mm? (see Figs. 7 and 10).

A test chip was also included on the realized mask. A picture
of both chips is shown in Fig. 7.

V. EXPERIMENT

Experiments were conducted in two stages. First, optical and
electrical test of the subsystems were performed in order to
verify their correct operation. After that, RF test have been
performed to demonstrate the correct functionality of the novel
OBFN.
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A. Initial Tests

After the photonic chips were diced off the wafer, an initial
characterization was performed to test the basic chip function-
ality, and the correct operation of the basic building blocks. This
type of test is divided in electrical test and optical test. The elec-
trical tests include the verification of the electrical continuity for
each individual control line, the test of the ohmic resistance of
the ground lines and the heaters. The optical test starts with the
measurement of the fiber-to-chip coupling losses and the test
of the main building block, that is, the 50:50 optical directional
coupler, and the waveguide loss.

The fiber-to-chip coupling loss was as low as 1.5 dB/facet
for this batch of chips, thanks to the introduction of spot-size
converters, compared to approximately 6 dB/facet of previous
chips. The waveguide mask contains three complete replicas
of the whole set of desired structures, which differ only in the
coupling gap of the directional couplers contained in the func-
tional structures. One value is the nominal one obtained by
simulations, and the other two are chosen as a safety margin
to compensate for variations and inaccuracies in the fabrication
process. In this case, the gaps were chosen to be 1.094, 1.152
and 1.210 pgm. The gap of 1.152 pim turned out to be the one that
makes the coupling ratio of the directional couplers closest to
the desired value of 0.5. The corresponding chips were selected
and used in the following tests.

Another very important parameter that is tested is the wave-
guide loss. As discussed in [19], the waveguide loss has a very
strong impact on the overall system performance of the op-
tical beamformer system. When the structures include optical
ring resonators, this test can be conveniently and accurately
performed by means of the procedure described in [18]. For
this batch, the waveguide loss was measured to be as low as
0.1 dB/cm.

In order to test the optical performance of the tunable struc-
tures, it is necessary to access the chip waveguides as well as
the electrical contacts of the heaters, while keeping the chip at a
controlled temperature. This was done by mounting the optical
chip on a copper chuck, which includes thermal control via a
Peltier element and a temperature sensor, and by edge-coupling
bare fibers to the waveguides to be accessed by using a suitable
fiber alignment stage, featuring micrometric three-axis control
of the fiber position. Tungsten leads were used to provide elec-
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Fig. 13.  Layout of the chip with test structures. The input and outputs of the
DEMUX are indicated.

trical control to the heaters. A picture of the test chip mounted
in this setup is shown in Fig. 8.

B. Optical Test: Demultiplexer Characterization

Among other structures, the test chip contains an exact replica
of the DEMUX included in the complete OBFN chip (see
Fig. 13). This device has 2 inputs and 4 outputs that are all
accessible using bare fibers and the alignment setup described
above and shown in Figs. 8 and 12.

By connecting the tunable laser source (TLS) to the input of
the optical chip, and the power meter at one of the outputs, it
is possible to measure the optical transmission of the selected
input-output path with respect to wavelength, by scanning the
wavelength of the laser and measuring the corresponding optical
power impinging on the optical power meter (see Fig. 12). This
is done using an automated setup controlled via LabView. In the
case of the DEMUX, the TLS was connected to the DEMUX
input in the left of Fig. 13, and the output bare fiber has been
aligned sequentially to each of the outputs for the characteriza-
tion of each of the four DEMUX channels.

As seen in Fig. 6, the DEMUX is composed of two sections:
one consisting of an AMZI with 200 GHz FSR, whose output
are connected to the inputs of two AMZI with 400 GHz FSR.
Tunable voltages were applied to the heaters that control the
phase shifters on the branches of the three AMZIs that form the
DEMUX, as visible in Fig. 14. First, the 400 GHz AMZIs are
tuned, using the test input ports on the chip visible in Fig. 13;
then, the 200 GHz AMZI is tuned. This procedure allowed a
fine-tuning of the frequency response of the complete 1 x 4
DEMUX and a good matching with the desired response. The
measurement results are shown in Fig. 15, in comparison with
the simulated responses of each DEMUX channel.

From the measurement it can be observed that the positions
of the passbands and of the stopbands are matching very well
with the simulated ones, for all of the four channels. This is
particularly evident by looking at the frequency position of the
zeroes of transmission with respect to the simulated response.
Nonetheless, as expected, the analysis of the zeroes of trans-
mission shows as well that the depth of the zeroes is not equal
across all the DEMUX channels. Specifically, when input 1 of
the DEMUX is used, as in this case, channels 3 and 4, which
are connected to the input via the cross port of the input AMZI,
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Fig. 14.  Chip containing the test structures for the MWL-OBEN, as visible at
the optical microscope. The needles are used to draw current through the heaters
for tuning the responses of the optical structures.
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Fig. 15.  Measured (dotted lines) and simulated (solid lines) optical transmis-

sion of the DEMUX channels 1, 2, 3, and 4.

show a similar performance, both having a high suppression in
their stopbands. On the contrary, channels 1 and 2 suffer a lower
suppression in stopband, a fact which is particularly visible for
channel 2, being this directly connected to the DEMUX input
via the bar port of both the first-stage and of the second-stage
AMZIs. This translates into a non-perfect suppression of the un-
desired sidebands, which in the worst case (for port 2) can be as
low as 13.6 dB. This non-ideal suppression is due to the fact that
the directional couplers employed in the design have still resid-
ual variations with respect to their perfect 50:50 splitting ratio;
this, in turn, creates an unbalance in the routing of the optical
power between the bar and the cross ports, making impossible
to route all the optical power from the input to the cross port,
thus leaving a residual optical power in the bar port. Nonethe-
less, the residual power unbalance can be compensated for by
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properly adjusting the transmission of the tunable multiplexer in
the following vertical beamforming stage of the MWL-OBFN.

Fig. 16 shows the DEMUX response over a wider frequency
band. The transmission characteristic keeps a high degree of
accuracy over a large bandwidth, making possible to accom-
modate wavelengths at different central frequencies; this is also
a proof that the fabrication procedure is sufficiently accurate
and the proposed multi-wavelength approach could be extended
to a much larger number of wavelengths. The FSR of the
DEMUX can be measured and appears to be 402.3 GHz
(99.425% accuracy, 400 GHz by design).

C. RF Tests: Demonstration of Basic Functionalities

The main target of the test described in this section is the
demonstration of the basic functionality of the MWL-OBFN,
that is, the capability of demultiplexing, selectively delaying
and combining RF signals carried by different optical wave-
lengths. For that purpose we designed and realized a set of tests
on a subsection of the MWL-OBFEN chip. In particular, the aim
is to: (i) create two IM signals with different optical carrier
frequencies, spaced 200 GHz apart; (ii) route the two IM sig-
nals to a single input of the MWL-OBFN; (iii) de-multiplex
the two signals to separate paths on the chip; (iv) show the
group delay applied selectively to only one of the two signals;
and (v) demonstrate the multiplexing (combining) of the two
signals. For this demonstration, the simplest structure required
consists of a 1 x 2 DEMUX, whose outputs are connected to
two separate waveguides, containing independently tunable de-
lay sections, being then combined by a multiplexer (MUX). This
structure is schematically represented in Fig. 17(a). Therefore,
for this test we employ the chip subsection indicated by the
box in Fig. 9. This is the simplest structure available on-chip
that contains the basic components required for the test. Such
structure can be accessed by two test ports, which have been
added by design for this type of tests and have been made avail-
able at the output facet of the chip, Fig. 17(b). The proposed
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Fig. 17.  Schematic of the portion of the MWL-OBFEN used for the functional-
ity tests: 1 x 2 DEMUX, cascaded to two separate waveguides (including sepa-
rate tunable delay sections), combined by a MUX (a). Corresponding schematic
of the selected section on the MWL-OBFN chip (b).

test requires transmission measurements, thus both ports have
to be accessible simultaneously. Nonetheless, the measurement
setup shown in Figs. 8 and 12 allows to access only one port
per facet at a time. Therefore, the setup has been modified for
this specific test by replacing the single bare fiber at the output
facet with a fiber array unit (FAU) from OZ Optics Ltd. This
FAU includes four polarization maintaining (PM) fibers, whose
cores are horizontally spaced 125 um, which corresponds to the
pitch separation between the output waveguides on the chip.
In this way, a single FAU could be used to access as many as
four adjacent ports of the output facet simultaneously. Since the
desired test ports are adjacent, the 4-fibers FAU is sufficient for
the desired test.

The FAU has been mounted on a goniometer, used to align
the plane of the chip with the plane of the fiber pigtails of the
FAU and maximize the optical transmission between the test
ports. Fig. 18 shows a picture of the alignment stage includ-
ing the goniometer and the FAU. Fig. 19 shows the employed
measurement setup. Two EM4 high power laser (DFB-LD 1
and DFB-LD 2, 100 mW each, in 1550 nm band) provide two
optical carriers (fi and f») spaced 200 GHz apart, which are
intensity modulated (IM) by the RF signal generated by an Agi-
lent N5230A vector network analyzer (VNA), using two Avanex
FA20 Mach-Zehnder modulators (MZM) biased in quadrature.
The signals are combined and fed to the optical chip in Fig. 10
for signal processing. An erbium doped fiber amplifier (EDFA)
is used to compensate for the fiber to chip coupling losses. The
RF output of a Discovery DSC 710 high-power photodetector
(PD) is connected to port 2 of the VNA for the amplitude and
phase measurements.

D. Demultiplexing

Fig. 20 shows the so; parameter, measured over the band
50 MHz-10 GHz, of the bar response of the MWL-OBEN sys-
tem under test (see Fig. 19), when only one laser at a time is
connected to the PM combiner inputs. The RF powers have
been equalized while keeping the optical frequencies at the de-
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Fig. 18.  Alignment stage including the FAU used to access multiple waveguide
ports on the right facet of the MWL-OBEN chip (a). The FAU containing 4 fiber
pigtails has been aligned to the optical waveguides (b). Note the presence of the
goniometer used to align the plane of the fiber array to the plane of the chip (c).
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Fig. 19. Setup employed for the basic functionality demonstration of the
MWL-OBEN (from [13]).

sired values, by tuning both the drive current and the operating
temperature of each DFB laser. Note the gain roll-off with fre-
quency, due only to the electro-optical response of the MZM and
of the PD employed, the losses of the multiple RF connectors,
adapters, and of the coaxial cables employed in the setup. The
observed roll-off does not depend upon the insertion of the chip
in the photonic link. The delay characteristics show an initial
delay difference among the paths of approximately 38.1 ps. The
delay difference can be fully programmed using the on-chip
ORRs, as will be shown in Section F.

E. Channels Combining

When both lasers are connected to the PM combiner, the two
modulated signals are coupled via a single fiber to the chip,
where they are demultiplexed, processed (individually delayed)
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Fig. 21. RF magnitude and response of channel 1, channel 2, and their com-
bination on-chip (from [13]).

and then recombined. The RF magnitude response shows a cor-
responding increase of 6 dB with respect to the individual chan-
nels (see Fig. 20). In fact the two electrical signals, which are
carried separately in the optical domain by the different wave-
lengths, are converted back to the electrical domain at the PD.
At the PD output, the RF signals sum in phase, producing a
total electrical signal with double amplitude, thus four times
the RF instantaneous power (6 dB), as shown in Fig. 21. This
result demonstrates the combining capability of the proposed
MWL-OBFN.

Observing the response, it can be noted that the power of
the combined response decreases faster with frequency than the
ones of the individual channels, producing only a 3 dB increase
around 7 GHz, and no increase around 10 GHz. This can be
easily explained by considering that the conclusion of coher-
ent RF combining drawn before is valid only as long as the
frequency is sufficiently low to consider two RF signals approx-
imately in phase. In fact, as visible from the phase responses
in Fig. 20, the two waveforms have a small delay difference
of approximately 38 ps. This limited amount of delay produces
a phase shift between the two detected RF signals which is
negligible below few GHz but, as the frequency increases, the
delay starts to play a significant role (i.e., to produce a substan-
tial phase shift between the RF signals) until, around 13 GHz,
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Fig. 22. RF magnitude and phase response of channel 1 compared to the
response of channel 1 delayed (from [13]).

the two waves are completely out of phase. If we could extend
the RF sweep, we would see that this phenomenon produces
an interference pattern characteristic of a microwave photonic
filter [2]. In this case, the FSR of this filter would be equal to
1/(38.1 ps) = 26.247 GHz.

F. Selective Delay

After the demonstration of the combining capability of the
MWL-OBFN, we show the capability to generate selective delay
to only one of the IM optical signals. For this scope, the ORRs of
WG 1in Fig. 17 labeled as “6a” and “6b”” have been employed to
provide broadband delay to the IM signal at frequency f; . Fig. 22
shows the RF phase response obtained when only DFB-LD 1
(f1) is connected to the chip, for two different delay settings.
The phase response obtained when DFB-LD 2 is connected
stays substantially unchanged. This demonstrates the capability
of the chip to provide broadband delay, selectively to the RF sig-
nal modulated on the optical carrier at frequency f;. The delay
is continuously tunable from O ps up to approximately 139.7 ps
over arecord instantaneous bandwidth of 8 GHz thanks to the in-
creased number of ORRSs per delay line allowed by the complex-
ity reduction. Note the attenuation on the RF amplitude response
due to the application of the delay, which can be compensated
by properly adjusting the optical power of the corresponding
laser.
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