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Compact Photonic Integrated Phase and Amplitude
Controller for Phased-Array Antennas
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Abstract—Feasibility of an extremely compact photonic in-
tegrated circuit for controlling phase and amplitude of a 16-
element phased-array microwave antenna has been demonstrated
experimentally.

Index Terms—Beam steering, integrated optics, optical phase
shifters, optical waveguides, phased-array radar.

I. INTRODUCTION

PHASED-ARRAY antennas have been used since the be-
ginning of the 1970’s and are now becoming increasingly

important in satellite and mobile communications. A draw-
back for broad application of phased-array antennas is the
large volume and weight of the RF electronic beam-forming
network. Photonics holds a great promise for reducing both
weight and volume of these networks. Many experiments have
been reported based on discrete optical components [1]–[3].
First integrated circuits were realized on lithium niobate, see
[4] and [5]. In this paper we report the first experiments on an
InP-based integrated beam-forming network with extremely
small dimensions (8.5 8 mm ) for controlling phase and
amplitude of a 16-element RF phased-array antenna. InP has
the advantage that it allows for integration of high extinction
electroabsorption modulators and optical amplifiers for com-
pensating on-chip losses in large circuits. Further device size
can be much smaller as compared with lithium niobate.

II. OPERATION PRINCIPLE

Using a coherent detection scheme phase and amplitude of
an optical signal can be directly transferred to a microwave
signal by mixing this signal with an optical local oscillator
signal. In this way, modulation of phase and amplitude of a
microwave signal can be performed using optical phase and
amplitude modulators, which provides the module with an
almost unlimited bandwidth; phase and amplitude modulation
efficiency is flat in a frequency range from a couple of MHz
up to tens of GHz (only limited by the photo-detector). Fig. 1
illustrates the schematic of the photonic beam control network,
which has been realized. The optical chip is shown within the
dotted box. The chip has two inputs for two optical signals, one
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Fig. 1. Schematic view of the optical control of a phased-array antenna.

Fig. 2. Layer-stack.

of which is modulated with the radar pulse. The two inputs
are fed to two 1 16 power splitting networks, which are
overlapping in such a way that every output of the first network
is situated next to an output of the second network. Each pair
is connected to a phase and amplitude modulation section,
after which the two signals are fed to a 3-dB coupler. The RF-
signals are obtained by coupling the signals coming out of the
sixteen 3-dB couplers to a series of 16 balanced detector pairs.
In the following we will discuss the design and performance
of the different elements.

III. FABRICATION

We developed our circuit in a MOVPE grown InP–
InGaAsP–InP double-heterostructure as usual for operation in
the long wavelength window (1550 nm) for optical commu-
nication, see Fig. 2.
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Fig. 3. Waveguides on chip.

First, the InGaAs contact layer is removed everywhere
excepts for the contacts on top of the phase/amplitude modu-
lators. This is done using a selective wet chemical etch with
photo resist as etch mask. Next a SiN layer is deposited
by PECVD and photoresist is spun on top. The waveguide
mask is defined in the photoresist by contact lithography. This
pattern is transferred to the SiN by use of a CHFplasma in a
reactive-ion-etching (RIE). Ridge-type waveguides are etched
with an optimized CH–H process with the SIN as etch mask.
When part of the cladding is etched the SiN layer on top
of the waveguides in front and behind the phase/amplitude
modulators is removed, such that the p-doped part of the
cladding will be removed here when the waveguide etch
is finished. This prevents short-circuits through the cladding
between the different phase/amplitude modulators. Next photo-
sensitive polymide is spun on the chip and a pattern is defined
such that the phase/amplitude modulators are covered with
polymide with an contact window on top of the ridge. Finally,
gold is deposited on the contact openings and a pattern is
defined using a liftoff process. The normal waveguide, the
waveguide in the electrical isolation region and the waveguide
in the phase/amplitude modulator are shown in Fig. 3.

IV. M EASUREMENTS

A. Passive Waveguides

The chip was designed for use with TE polarized light,
this does not impose any problems because the input lasers
provide linearly polarized light. For interconnection we use 2-

m-wide waveguides, see Fig. 4(a). The total on chip loss
was around 28 dB with a spread of 1.0 dB measured for
input one to all outputs and input 2 to all outputs. Dummy
waveguide crossings, see Fig. 4(c), were introduced to elimi-
nate loss differences between different paths. Power splitters
and 3-dB-couplers have been realized by applying multimode
interference couplers [6]. These couplers consist of a wide
multimode waveguide section as shown in Fig. 4(a), which
exhibits self-imaging properties.

The average on chip-loss is composed as follows. The
theoretical splitting loss of a 1 16 splitter is 12 dB and
the losses at a MMI mixer are 3 dB, leaving an excess loss
of 13.1 dB. Test structures were included to measure the
losses for straight waveguides, bends and waveguide crossings.

Fig. 4. (a) A MMI power splitter. (b) Mask layout of chip. (c) Dummy
crossing to equalize output powers.

Straight waveguides of 2m width have a loss of 1.4 dB/cm.
Measurements showed a maximum loss of 0.15 dB/90for
bend waveguides with radius of 250m. The loss was 0.15
dB for a crossing of waveguides under an angle of 60. The
insertion loss, (without applied voltage) for a phase shifting
section including the electrical isolation sections is about 1 dB.
Combining the results of the test structures with the layout of
the chip we expect the excess loss to be 4.1 dB. Part of the
additional 9 dB is caused by a problem in the processing.
Based on previous experiments on 1 16 splitters [7] we
expect that the total excess loss can be below 6 dB.

B. Phase-Modulation Sections

Phase shifting is accomplished by utilizing refractive index
changes due to the electro-optic effect. The doping profile of
the chip is chosen in such a way that the InGaAsP waveguiding
layer gets depleted when a reverse bias is applied to the
waveguide, see Fig. 2. This way the overlap between the
electrical field and the optical field is maximal, for further
details see [8].

In Fig. 5, it can be seen that more than 700of phase shift
can be realized with a 4.9-mm-long electrode by applying a
negative voltage smaller then 20 V. Taking into account the
length of 4.9 mm of the phase shifting section it follows that
the efficiency is 8.2/(V mm). At values below 10 V the
insertion loss becomes impractically high, as can be seen from
Fig. 6; if the negative voltage is kept within 5 V the additional
loss is kept within 1 dB. With such a voltage a phase shift
ranging from 180 to 180 can be realized by applying
the control signal to one or to the opposite electrode.

C. Amplitude Modulators

An advantage of the p-i-n-type waveguide phase-modulator
is that, with a proper design, it can be used also as an amplitude
modulator using the electroabsorption effect which occurs at
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Fig. 5. Phase shift as function of applied voltage.

Fig. 6. Attenuation as a function of applied voltage.

higher voltages due to the electrical-field induced shift of
the band-edge. The absorption is expected to be sensitive to
both temperature and wavelength, so temperaure stabilization
will be necessary. The wavelength dependence is no problem
because of the small optical badwidths (100 GHz 0.8 nm)
required in this application. Fig. 6 shows the attenuation as a
function of the voltage, it is seen that an attenuation of over
15 dB can be achieved with an applied voltage of20 V.

After passing the phase shifter/attenuator sections the laser
signals are fed to a 2 2 MMI coupler and then fed to
a detector pair where they generate an RF-current which is

proportional to the product of the optical input signals. In
principle, the phase of the RF-signal can be adjusted with
one electrode and its amplitude with the other. As the phase
and amplitude transfer of the modulator sections are coupled
the control signals on both electrodes are not independent but
using a proper combination of voltages any amplitude-phase
combination of the RF-signal can be addressed.

V. CONCLUSION

We have realized a distribution network consisting of two
1 16 power splitters integrated with phase shifting sections
on an InP chip with record small dimensions (8.58 mm).
The on-chip loss is 28 1.0 dB. The phase/attenuation
sections have a phase dynamic range of more than 360and
an attenuation dynamic range of almost 20 dB.
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