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The use of photonic heterodyne receivers based on semiconductor optical amplifiers to be used in imaging arrays at several
GHz frequencies is evaluated. With this objective, a 3 × 3 imaging array based on such photonic pixels has been fabricated and
characterized. Each of the receiving optoelectronic pixels is composed of an antipodal linear tapered slot antenna (LTSA) that
sends the received RF signal directly to the electrical port of a semiconductor opticalamplifier (SOA) acting as the optoelectronic
mixer. Both the local oscillator (LO) and the intermediate frequency (IF) signals are directly distributed to/from the array pixels
using fiber optics, that allows for remote LO generation and IF processing to recover the image. The results shown in this work
demonstrate that the performances of the optoelectronic imaging array are similar to a reference all-electronic array, revealing the
possibility of using this photonic architecture in future high-density, scalable, compact imaging arrays in microwave and millimeter
wave ranges.

1. Introduction

Microwave photonics and radio-over-fiber (RoF) techniques
have been used in antenna arrays for some years now
typically associated with local oscillator (LO) distribution
and remote intermediate frequency (IF) processing [1]. The
advantages usually associated with the use of such techniques
are the high bandwidth capabilities, the electromagnetic
interference (EMI) immunity, the extremely low transmis-
sion losses when using optical fibers, and the possibilities of
including signal processing features, like true local time delay
(TTD) [2] or optical beam forming [3]. Their advantages
are also associated with the availability of optical/photonic
devices in the telecom wavelength range which, due to the
growth of the optical communications in the last decades,
provide us with high-performance, wide-variety, compact,
and low-cost (COTS) optical components suitable for its use
in microwave photonics and RoF.

Following this trend, new functionalities based on
photonic processing of RF are becoming available to be
incorporated into arrays beyond optical signal distribution.
In this sense, a major contribution to obtain high-density

receiving arrays based on photonic techniques would be the
obtaining of a photonic heterodyne receiver able to perform
directly the mixing of the LO (photonically distributed) and
the received RF with high sensitivity. This all-optical pixel
would reduce the several electrooptical (EO) conversions
typical to conventional RoF systems and would be able to
be integrated directly into the mature optical signal distri-
bution architectures already available. In order to obtain
such heterodyne optoelectronic RF detector, several mixing
techniques have been already proposed using components
as Mach-Zehnder modulators [4], electroabsorption mod-
ulators [5], or dual-mode monolithic laser sources [6] that
show polarization dependence or low conversion efficiencies.
Recently, semiconductor optical amplifiers (SOAs) have also
been proposed as optoelectronic mixers [7–10]. Optical
mixing using SOAs has been demonstrated both in all-optical
[9, 10] and electrooptical (EO) configurations [7, 8]. In
the EO approach, which is the most interesting in terms of
obtaining a photonic heterodyne mixer, one of the electrical
signals involved (i.e., the local oscillator (LO) or the radio-
frequency (RF)) is modulated onto an optical carrier that is
delivered to the optical input of the SOA. The other electrical
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signal is directly applied to the electrical port of the SOA
modulating its bias voltage. Both downconversion [8] and
upconversion [7] have been reported.

One of the fields these all-optical pixel-based receiving
arrays will have a great impact on is microwave and millime-
ter wave imaging. These techniques have been successfully
demonstrated for a variety of applications like nonde-
structive testing [11], medical imaging [12], and security
applications [13]. Usually these systems, working either in
near field or far field, have their pixel elements multiplexed
in the RF level into a single receiver to obtain reasonable
size systems. Recently, a portable real-time camera at 24 GHz
based on this strategy has been reported [14], but although
the speed is reasonably good (22 frames per second) the
resolution (24 × 24 pixels) is still far to be the required for
the applications mentioned above, especially if we address
the necessity of obtaining a portable (low-size and -weight)
device.

In this sense, the incorporation of all-optical RF receiving
pixel-based photonic mixing techniques [15] to imaging
arrays will have a major impact on the resulted size, weight,
and power consumption of the system. The high integration
potential associated to PICs (photonic integrated circuits)
[16] allows also for the integration on the same substrate
of all the required functionalities necessary to process RF
frequencies in the optical domain. Nowadays, several high-
functionality PICs have already been reported [17], especially
for optical communication purposes, demonstrating that the
technology is already mature to implement other functional-
ities.

With this aim, in this work we present a three by
three element (3 × 3) imaging array based on a heterodyne
optoelectronic pixel based on an electrooptical (EO) ultra
nonlinear mixer using an ultra nonlinear semiconductor
optical amplifier (XN-SOA) [15]. This XN-SOA EO mixer
presents a direct RF electrical input provided by an antipodal
linear tapered slot antenna (LTSA) [18]. The LO is optically
introduced at the optical input of the XN-SOA, and the
IF is also optically delivered at its output, allowing for
remote photonic LO generation and remote IF processing
over optical fiber. Both, the mixing scheme and the used
antenna make up a compact, low-cost, and flexible receiving
heterodyne antenna that offers good scalability properties
for imaging array applications. In this work, first imaging
results using the heterodyne optoelectronic pixel 3× 3 array
are presented. Although the imaging system presented in this
paper works at a relatively low frequency (13 GHz), the high
bandwidth associated to the photonic components already
available for optical communications opens the possibility to
scale the presented architecture to higher (millimeter wave)
frequencies.

2. Description and Characterization of the
Heterodyne Optoelectronic Pixel for
Imaging Arrays

2.1. Heterodyne Optoelectronic Pixel Fundamentals. The core
of the reported photonic imaging array is an ultra nonlinear

semiconductor optical amplifier (XN-SOA) based hetero-
dyne pixel receiver that makes our system compact and cost-
effective. The scheme is depicted in Figure 1 [15]. The LO
signal ( fLO) is applied to a distributed feedback (DFB) diode
laser (QPhotonics QDFBLD-1550-50) that works under gain
switching conditions [19], allowing for the modulation of the
optical carrier without external modulators. The photonic
LO produced has an optical frequency comb-like spectra [15]
that is distributed to the heterodyne receiver using a fiber link
(Figure 1(a)). The LO is then coupled to the optical input of
the ultra nonlinear SOA (CIP SOA-XN-OEC-1550), where
the EO mixing process takes place when the RF electrical
signal ( fRF) introduced into the electrical port of the XN-
SOA modulates its bias point. The XN-SOA device has a
small signal gain of 20 dB at 150 mA bias current and a
maximum saturated optical output power of 13 dBm. The
obtained IF appears modulating the optical carrier at the
output of the XN-SOA (Figure 1(c)) and is recovered at
the end of the optical downlink using a high bandwidth
photodiode (u2t XPDV2120R) followed by a low-pass filter.
This scheme is cost-effective and takes advantage of the
additional nonlinearities of the mixer and its polarization
independence compared to other schemes already proposed
[7, 8].

It is important to note in this scheme that no external
modulator is used for the photonic LO generation and
neither a laser nor an external modulator is needed for
modulating the RF signal onto an optical carrier for the
mixing process. Moreover, no optical coupler is required to
add the optical signals containing LO and RF prior to the
SOA input, as it is typical to previous reported schemes
[9]. In this way, most devices usually employed in typical
RoF architectures are avoided, thus having a much more
compact and cost-effective configuration, allowing for easier
integration onto a single PIC. The proposed approach,
with the LO and the IF distributed over fiber, results in
an especially suitable strategy for scaled and flexible signal
distribution in large array applications.

2.2. Heterodyne Optoelectronic Pixel Description. The opto-
electronic heterodyne pixel incorporates to the EO mix-
ing scheme described above for heterodyne RF detection,
a broadband antenna to provide the XN-SOA with an
impedance as constant as possible along its broad working
band. For this reason an antipodal linear tapered slot antenna
(LTSA) [18] has been selected (Figure 2). As a substrate,
Rogers Duroid 5880, with εr = 2.2 and 0.787 mm thickness,
has been chosen. In Figure 2, we see how the antenna collects
the RF signal that is directly delivered to the bias port of
the XN-SOA of Figure 1. The optical signal at the output of
the XN-SOA, that contains the IF, is delivered over optical
fiber to the remote IF-processing stage, where a photodiode
performs the conversion from optical to electrical domain.

2.3. Heterodyne Optoelectronic Pixel Characterization. The
characterization of the heterodyne pixel must include both
the evaluation of the performances of the photonic mixing
scheme (Figure 1) and the antenna (Figure 2). The parameter
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Figure 1: EO mixing concept using an ultra nonlinear SOA. (a) Optical output of GS DFB laser; (b) electrical signal modulating the XN-SOA
bias; (c) optical output of the XN-SOA (only sum and difference terms are represented).

XN-EO 

mixer

Photonic

LO (DFB)

LO

RF

IFPixel

Photodiode
CW signal

generator

RF

Remote LO generation 

IFLO

Electrical signal

Optical signal

Remote IF processing 

Figure 2: Heterodyne photonic receiving antenna setup.

we have used to evaluate the performance of the photonic
mixer has been the downconversion ratio (Figure 3), defined
for optoelectronics mixers as the ratio between the electrical
power of the downconverted signal at f IF (output of the
photodiode) and the electrical power of the RF signal
present after mixing at f RF [9]. An analysis of the frequency
dependence of the downconversion ratio has been performed
sweeping both f LO and f RF up to 15 GHz. The bias current
applied to the DFB is 40 mA, for an average optical power
around 5 mW. The XN-SOA is biased at 150 mA (saturation)
and shows an average optical output power of 10 mW. The
regions with better (higher) conversion ratios appear for RF
frequencies in the ∼4 to 13 GHz range and LO frequencies
below 4 GHz. When both frequencies (LO and IF) are close to
each other, the conversion ratio falls as expected (homodyne
operation).

As mentioned before, the broadband antenna design
selected for the receiver pixels is an antipodal LTSA [18]
that includes a number of corrugations in order to make
the beam symmetric and improve its radiation pattern
[20]. The characterization of the antenna started with the
measurement of the reflection coefficient. In Figure 4, we
show the reflection coefficient for the LTSA demonstrating
a working frequency band from 7 GHz to 20 GHz with the
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Figure 4: Measured reflection coefficient of the manufactured
LTSA.
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Figure 5: Antipodal LTSA radiation pattern (measured at 13 GHz).

desired relatively constant impedance presented to the XN-
SOA over frequency. Also the radiation pattern has been
measured, as shown in Figure 5, where such radiation pattern
at 13 GHz is displayed as an example of how each of the
elements of the array radiates. This antenna has a directivity
in the whole band around 9 dBi-10 dBi.

3. Imaging Array Description and
Experimental Setup

The final objective of this work is to validate the use of the
introduced optoelectronic pixel for heterodyne RF detection
in imaging arrays incorporating the advantages of remote

y

xz

Figure 6: 3× 1 Subarray based on antipodal LTSAs.

Figure 7: Picture of the actual 3 × 3 array inside the anechoic
chamber.

photonic LO and IF distribution and the high integration
capability of photonic circuits. For this reason, a 3 × 3
element array has been designed and fabricated based on the
pixel described above to proof the concept. The 3 × 3 array
design is based on three 3 × 1 subarray elements as shown
in Figure 6, where we can see the LTSA radiant elements
chosen for the pixels. Upper and lower elements are tilted
30◦ with respect to the central element in order to scan
different directions and provide faster scanning capabilities.
The final array built is shown in Figure 7, where we can see
the actual appearance of the array made of the subarrays of
Figure 5. A 130 × 110 × 70 mm PVC box has been designed
to hold the complete array and provide the desired tilt to the
antennas. Each horizontal subarray (Figure 6) is formed by
3 LTSAs printed on a 110 × 100 mm Rogers Duroid 5880
substrate separated 30 mm from each other. Each subarray
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has been manufactured with a LPKF ProtoLaser S laser
milling machine.

As mentioned briefly in the introduction, microwave
imaging arrays (cameras) can be operated either in near
field (higher spatial resolution) or far field. If the later is
the case (far field imaging), the spatial resolution is fixed
by the spot size of the array elements individual beams.
In Figure 8, we show the measured spot diameter for the
subarray shown in Figure 6 at 20 cm of the antenna (inside
an anechoic chamber). These measurement results show
10 cm spot diameters (3 dB) for 13 GHz RF frequency. It
is important to highlight that this spot diameter for the
antenna elements that fixes the spatial resolution of the
imaging system can be improved by increasing the operating
frequency, as the types of antennas we are planning to use
at higher frequencies present similar radiation patterns. In
this situation, it is basically the operation frequency the
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m

Figure 10: Metallic target for the imaging experiment.

parameter that fixes the spatial resolution of the system
(beam diameter).

In order to evaluate the imaging performances of the
array, an imaging experiment has been carried out (Figure 9).
The working frequency has been chosen using the down-
conversion ratios map of Figure 3 for optimum perfor-
mance of the heterodyne photonic pixels ( f RF = 13 GHz,
f LO =1.1 GHz). The 11.9 GHz IF (intermediate frequency) is
remotely recovered for each pixel with a high-speed photo-
diode). In Figure 9, we can see how a transmitter element
(horn) illuminates at the designated frequency (13 GHz) a
metallic object placed 3 m from the emitter (horn) and 20 cm
from the 3×3 imaging array. It is important to note here that
these are the conditions used to evaluate the spot diameter
for the independent elements of the array (10 cm, Figure 8),
which will limit the spatial resolution of the system. For the
results shown in the next section, the metallic object chosen
for the imaging experiment is an aluminum cross of 300 mm
× 300 mm dimensions shown in Figure 10. Its dimensions
are in the order of magnitude of the beam size.

4. Experimental Results

The images obtained for the object of Figure 10 are shown in
Figures 11 and 12 using two different receiving pixels. As a
preliminary step, and to separate the influence of the use of
an optoelectronic pixel from the actual imaging capabilities
of the array built, the array for Figure 7 is equipped with a
set of electronic mixers, including RF preamplification, to
evaluate the actual spatial resolution of the array. The results
obtained are shown in Figure 11, where we can see that the
cross is resolved through the simultaneous recovery of the
amplitude signals for each pixel of the array. In this sense, it
is important to note again that the beam diameter at 20 cm
of the array is 10 cm, limiting the spatial resolution as can be
extracted from Figure 11.
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Figure 11: Results from the scanning of the object shown in
Figure 10 with the 3 × 3 array using an electronic mixer for
heterodyne detection. (a): power difference measured for each pixel
with and without the cross (in dB). (b): −10 dB contour for the
results shown on (a).

The scanning results obtained for the optoelectronic
heterodyne pixel array are shown in Figure 12. We can
observe that the image obtained is similar to the one
recovered using electronic pixels (Figure 11). It must be
noted at this point that, in this case, both the LO and
IF are optically distributed using fiber optics to/from the
array, eliminating the necessity of further electronics in
the individual pixels. In this sense, this photonic-based
imaging array presents evident advantages associated with its
lower weight, lower power consumption EMI immunity, and
flexibility, along with the integration capabilities associated
with the possibility of implementing the XN-SOA and optical
distribution fibers as photonic integrated circuits.

5. Conclusions

Microwave and millimeter wave imaging techniques have
demonstrated their capacities in several and important
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Figure 12: Results from the scanning of the object shown in
Figure 10 with the 3 × 3 array using an optoelectronic mixer for
heterodyne detection with remote LO and IF distribution. (a):
power difference measured for each pixel with and without the cross
(in dB). (b): −10 dB contour for the results shown on (a).

application fields. In order to introduce the well-known
advantages of microwave photonics and radio-over-fiber
techniques in this emerging field, in this work we have
designed, implemented, and tested an imaging array based
on a photonic heterodyne receivers. The objective is to
take advantage of the already well-known advantages of
photonic local oscillator distribution in antenna arrays
and the introduction of a novel optoelectronic mixer to
reduce even further the electronic components count at
the antenna front-end, reducing thus power consumption,
space, and cost at the expenses of a little less sensitivity.
The photonic setup chosen, based on an XN-SOA in EO
configuration, reduces also the optical elements typical to
other optoelectronic mixers schemes (using external modu-
lators, polarization control optics, etc), allowing for further
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integration of the different optoelectronic components in
photonic integrated circuits (PICs).

The results shown demonstrate the possibility of using
this approximation for imaging arrays in the GHz band,
but, even more important, they open the possibility to scale
this architecture (once that has been validated) to higher
frequencies (100 GHz). This further step is associated with
the high bandwidth of the photonic components already
available in the market for optical communications. In this
sense, preliminary work of 100 GHz imaging arrays are
already being under development.
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