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ABSTRACT

In this work, we present a novel microwave photonic signal processor tailored for beamforming large-scale phased
array antennas. Theoretical, numerical, and experimental validation is reported for a phased array antenna
receiver. Results demonstrate the possibility of separating multiple spatially multiplexed beams using this
system. At the core of the design is the use of wavelength division multiplexing and a programable photonic
processor, capable of producing dynamic, complex-valued, and arbitrary optical filtering. The scalability and
applicability in space applications is discussed.
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1. INTRODUCTION

Communications satellites are in a singular position to provide ubiquitous digital access, as land-based systems
cannot viably reach everywhere. To achieve this goal, the economics of satellite access must become comparable
with land-based systems.

To make satellite communications cost-effective, the coverage and throughput of each individual system
ought to be maximized. Traditionally, this has been done by packing ever more beams into a satellite payload.'
This solution is at the limits of its scalability. Furthermore, the decades-long deployments for communication
satellites make static solutions a commercial risk, as these are not able keep up with the fast-changing changing
requirements on the ground. Thus, satellites must provide flexible coverage.

At the centre of flexible coverage is dynamic beamforming. However, to the best of our knowledge, beam-
formed antennas that provide satellite-friendly size, weight, and power consumption (SWaP) metrics using
traditional electronics solutions have yet to reach the market. In this context, photonic-aided payloads have
been identified as a promising technology to achieve flexible coverage with suitable SWaP metrics.??

In this paper, we present a novel microwave photonic signal processor (MPSP), and its applications for
beamforming of microwave signals. The system is based on arbitrary-shaped and complex valued filtering of
wavelength-division multiplexing (WDM) signals. Both an analytical description and numeric simulations are
presented, as well as a proof-of-concept experiment, demonstrating receive-end beamforming of a single beam, and
the separation of multiple beams. The operation principle of the proposed beamformer is validated by numerical
and experimental results, as the beamformed beams are correctly recovered. Finally, we discuss advantages and
challenges for the application of the system proposed in the context of satellite communications.

2. ARCHITECTURE OVERVIEW

To understand the working principle behind the proposed MPSP, let us look into its use in a receiving beamformer
for a phased array antenna (PAA). Such application is depicted in figure 1.

The signals produced by the antenna elements (AEs) from a PAA are modulated into the optical domain using
optical single-sideband with carrier (SSB+C) modulation, performed by Mach-Zehnder modulators (MZMs). The
laser sources feeding each modulator are tuned to different wavelengths, so that the modulated signals do not
occupy the same spectral region. These optical signals are then multiplexed together using an optical multiplexer.
At this point, we have a wavelength-division multiplexing (WDM) signal, containing a series of optical carriers
and RF sidebands, corresponding to each AE.
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Figure 1. Proposed receive-side beamformer and MPSP for four antenna elements and two output beams. The MPSP
is comprised of the elements inscribed in the dot-dash rectangle. Illustrations of the optical spectrum at various points,
and the RF spectrum at the output are displayed. ¥; denotes the signal shinning on the i-th antenna element, and Equs,
denotes the k-th beamformed output beam. (a) lasers to be modulated by each modulator; (b) single-sideband w/ carrier
optical modulators; (c¢) optical multiplexer; (d) optical interleaver; (e) optical local oscillator generation; (f) 3dB splitter;
(g) programmable photonic processor; (h) coherent optical detector.

2.1 The microwave photonics signal processor

This WDM signal generated in the modulation step is then fed to what we hereby define as the microwave
photonic signal processor (MPSP). As the name implies, this device has been designed specifically for dealing with
microwave-range RF signals, by processing them in the optical domain. Its architecture is closely coupled with
the SSB+C modulation (plus multiplexing) previously presented. Its working principle relies in the association
between complex-valued filtering in the optical domain and its correspondence in the RF domain. In fact, with
this kind of setup, changing the amplitude and/or phase of the optical signal directly translates in the same
amplitude and/or phase modulation in the RF signal.* This property is key to understand the beamforming
ability of the MPSP.

The first task the MPSP has to perform is to split the optical carriers from the RF sidebands into two
separate WDM signals. For this, an optical interleaver is used. These two signals constitute the arms of what is
essentially a Mach-Zehnder interferometer.

The WDM signal containing exclusively RF sideband is not further processed, and routed directly to one of
the ports of a coherent detector. Rather, all the effects imposed on the output happen by processing only the
optical carriers. For scenarios where multiple simultaneous outputs are desired, as is the case in simultaneous
multibeam beamforming, this signal can be split with an optical splitter and fed to multiple coherent detectors.

Focus then turns to the other WDM signal, containing the optical carriers, preserved in the modulation step.
A local oscillator feeding an additional single-sideband MZM is used to frequency-shift the optical carriers. This
effectively generates an intermediate frequency (IF) stage, so that the output signals are up or downconverted.

The next stage in this arm presents the programmable photonic processor (PPP). The PPP is defined as a
device capable of arbitrary, complex-valued, and dynamic filtering of optical signals. Devices based on LCoS
technology capable of this feature have been presented.®% This is where the key operation in the system happens.
Conceptually, each optical carrier is multiplied by a complex-valued factor, and that results in the same factor
applied to the respective RF output. In the particular case of beamforming, the optical carriers serve as the
steering mechanism of the beamformer. Their relative amplitude and phase relations result in the same effect
as any beamsteering performed, for example, in the pure analogue domain. Effectively, this is the stage where
the complex-valued weighting of the AEs of the PAA is done. Once again, if multiple outputs are desired, a
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PPP with one-to-many routing capabilities can be used, and the different copies of the optical carriers processed
independently.

The last stage is coherent detection. Self-heterodyne and coherent detection has already been extensively
covered elsewhere.®"-® However, in the particular case of beamforming a PAA, the situation gets nuanced due to
the WDM nature of the optical signals involved. In theory, this would result in a multitude of components being
generated at the output of the detector, resulting from the product between every combination of optical carriers
and RF sidebands. In practice, most of these component are out of the detection range of typical detectors. In
fact, given enough separation between the optical carriers, only the product between a given optical carrier and
its respective RF sideband contributes to the output RF signal. These aforementioned products between the
optical carriers and their respective RF sidebands produce superimposed outputs. Once again, this is analogous
to using RF combiners in a traditional beamforming scenario. The combined output signals, weighted by the
applied complex-valued factors result in the desired beamforming operation.

2.2 Architectural considerations

The proposed beamformer and MPSP present a combination of features that make it an interesting option for
space-related applications, both spaceborne and in the ground.

WDM is a mature technology, which is a key facilitator in the introduction of photonics into an otherwise
conservative industry. And, more important, its biggest practical advantage is the minimization of the number
of physical channels. This is key in SWaP-constrained systems, as is the case of satellite payloads. Effectively,
the proposed system replaces multiple RF transport media (coaxial cabling, rigid waveguides, etc.) with a single
optical fibre. The use of LCoS-based phase shifting is also a key enabling technology: a full-HD LCoS panel
essentially has two million phase shifters which provides unmatched processing density. Finally, the reliance
of self-heterodyne detection is supported by previous successes.* 79 In particular, the integrated frequency
conversion capability, alongside phase noise tolerance, make it a first-class optical detection technique.

In the case of communications satellites, this system also has the added benefit of allowing the beamformer
to be arbitrarily positioned inside the payload, increasing design flexibility. In fact, the feasibility of space-
qualification for LCoS technology is already a subject of study.!%!!

For ground-based operations, the system presents two main lines of potential industrial application. On
one hand, there is potential to be an enabler for SWaP-optimized flat-panel antennas for base-stations. And,
parallelly, there is potential for enabling beamforming in cellular base stations, while at the same time allowing
the optical modulation and the MPSP to be physically distant, taking advantage of radio-over-fibre techniques.

3. ANALYTICAL MODEL

In this section we present detailed mathematical motivation behind the working principles of the MPSP in the
context of a receiver-end beamformer.

A radio signal shinning over a PAA, with carrier frequency wrp can generally be described as:
W (t) = A(t) exp (j (wrr(t)t)) (1)

where A(t) and wrp(t) describe the signal’s instant amplitude and frequency respectively, and j is the imaginary
unit.

Without loss of generality, this mathematical analysis assumes a linear PAA. Assuming the non-trivial case of
the beam not shinning directly over a linear PAA, each consecutive antenna element (AE) will receive a delayed
version of the incoming signal. The delay between consecutive AEs is given by:'?

0t = d/c X sin(w), (2)

where d is the distance between AEs, ¢ is the speed of light, and « is the angle the beam makes with the normal
of the PAA. The signals at each AE, W,(t), are defined as:

W;(t) = A(t — i6t) exp (jwrp (t — i) ). (3)
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Here, two approximations shall be made. First, a zeroth-order approximation for the amplitude component:
At —iot) = A(t) Vi, (4)
and a first order approximation in the phase component:
exp (jwrr (t — idt) t) =~ exp (j (wrr (¢) t — 190)) Vi, (5)
with 60 = wrpdt. This finally leaves us with the approximated version of W, (¢):

U,(t) = A(t)exp (j (wrr (t) t —i00)) . (6)

As previously discussed, the signals from each AE are modulated into the optical domain at different fre-
quencies, w, ;, and multiplexed together using a SSB+C modulation scheme, and an optical multiplexer. At the
output of the optical multiplexer we can describe the signal as:

Z

where N is the number of AEs, P; in the i-th laser power, and @, ;(t) accounts for its phase noise, or other phase
instabilities in the optical signal

J (Wo,it + Po,i(1))) - [1 + Wi(1)] (7)

The next optical element in the system is an optical optical interleaver (IL). This component is responsible
for separating the optical carriers and the modulated RF sidebands into different output ports. At the output
of the IL, there is one signal comprising only of RF sidebands, and another comprising only of optical carriers.
We define these signals as Ly and Lo respectively:

N-1

Li(t) = . Li(t)Wi(t), (8)
v

Ly(t) = Li(t), 9)
=0

where T';(t) = (\ﬁ/Q) exp (J (wo,it + ®;(t))).

The signal comprising only optical carriers is routed into an additional MZM. This modulator, connected to
a local oscillator with frequency wro, frequency-shifts the optical carriers, causing frequency conversion at the
output. At the output of this stage, the optical signal is given by:

N—-1

Lioro(t) = L'i(t) exp (j (wrot + ®ro)), (10)

where @0 is the LO’s phase. Again, for convenience’s sake, we define Y (¢) = exp (j (wLot + ®1r0))-

The next step is to apply complex-valued filtering to the aforementioned signal. Considering a single beam
scenario, the output of the PPP is given by:

N-1
Ly ppp(t) = Z i)Y (t) exp (§pi) , (11)
i=0

where p; is the phase applied by the PPP to the i-th optical carrier. In our scenario of interest p; = 6.

Finally, signals L, (¢t) and Lo ppp(t) are fed as inputs to a coherent, differential optical receiver. Internally, a
coherent receiver comprises an two-by-two optical combiner, followed by a differential pair of photodiodes. For
the two-by-two optical combiner, its response is given by:'?

Ej - [Jal\/? \/le—e} [L2 plfp)( )} ’ (12)
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where € is the combiner’s coupling coefficient. Differential detection can be mathematically described as:

Eolt) = % (19 - 1:1%) (13)

where R is the responsivity of the detector and Z its output impedance.

We now work backwards, substituting the defined expressions. First, we use (12) and (13):

Eout(t) = % [‘\/ 1 —eLyi(t) + jv/eLoppp(t) | |jveL(t) + V1 —eLappp(t )ﬂ . (14)

Then, we expand the terms inside the square brackets. Remember that |2|?> = zz!. The expression yields:

R
Eo(®) = 5 | (1= 20 LiOLIO) + (e = 1) Loper(OL] pop(t)
(15)
+e(e= D [l OL2rre(®) + L0 pepl0)] |
Considering a balanced coherent receiver, € = 0.5, the previous equation is left with only the last term:
Eous(t) = 1 | ELOLapep(t) + Li()L pop(t)] (16)

Now, both L;(t) and Lo ppp(t) consist of a sum. In the pure mathematical sense, the product of two sums is
not the sum of the products with a single index. But, taking in consideration the physics of the system, any
products with different index would correspond to the beating between signals from two different optical carriers.
If these are apart enough, their product is well above the bandwidth of a typical optical detector, and so can
be disregarded. So, in the next step, the put the sum in evidence, with a single index, consciously disregarding
cross products. As another point of simplification, we shall assume all lasers have equal power, i.e., P, = PVi.
This results in:

N 1

—RPA .
Eout(t) = [exp ((wro — wrr(t))t + 100 + p; + Pro))
i=0 (17)
+exp (j ((wrp(t) — wrLo) t — 00 — p; — o))
which is equal to:
—RPA .
Eout(t) = Z cos ((wrp(t) — wLo)t — 160 — p; — Pro) . (18)

The term @, ;(t) is absent from this result. This is an expected result from self-heterodyne detection, and has
been presented as one of its key advantages.? All terms of the sum become equal if p; = —idf, leaving us with
the beamformed signal:

—RPA(t)
87
The factor IV, put in evidence, indicates linear scaling with the number of elements, as expected for a beamforming
scenario. The stray ®1,0 phase component is not relevant, as it is no different than any other intermediate

frequency (IF) stage in a traditional system.

Eout (t) =N cos ((WRF (t) — wLo) t— (DLO) . (19)

4. NUMERICAL ASSESSMENT

To assess the theorized MPSP, computer simulations were first employed. The simulation consists of one or more
virtual RF beams shinning over a virtual PAA. Each beam is comprised of a 1 GBd random QPSK series, carried
at 12 GHz. The output signal has a carrier frequency of 5 GHz, i.e, the beamformer also includes an intermediate
frequency (IF) stage. The simulation follows closely the system as presented in figure 1.
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Figure 2. EVM as function of the virtual PAA phase step. a) constellation for the recovered beam at 0% b) constellation
for the recovered beam at 30°; ¢) beams scrambled when the PPP is not correctly configured.

Without loss of generality, a linear PAA is modelled. First, a WDM signal consisting of SSB signals is
generated, closely mimicking the physical implementation. In essence, each SSB signal is comprised on the sum
of the delayed versions of the beams at each AE.

The focus of the simulation is the PPP’s action. In the simulation, a progressive phase shift step is applied
to each frequency-shifted local oscillator (LO). The step of this phase shift between elements is swept, which is
analogous to a scanning PAA, like a radar.

After applying the coherent detection step, the output signal is fed to a QPSK demodulator. The final
measured metric is the error vector magnitude (EVM). Results for a beamformer with 4 AEs and 2 beams, one
shinning at 0° and another at 30° are presented in figure 2. We choose the values of 0° and 30° for the beam
directions, as these values guarantee that when one of the beams is correctly beamformed the other one is on a
null of the radiation pattern of the PAA.

We observe clear separation of two beams, in accordance with the theoretical expectation.

5. PROOF OF CONCEPT EXPERIMENT

To provide experimental evidence of the feasibility of the proposed MPSP in the context of a receiving-side
beamformer, a proof-of-concept experiment was devised. The parameters used in numerical assessment were
considered, such that experimental results can be directly compared with numerical ones, previously presented
in figure 2. An illustration of the experimental apparatus is presented in figure 3.

A single laser source is fed into a dual-polarization, 1Q, MZM. Each one of the WDM signals as represented
by (9), and (10) modulate the laser source in one of the MZM’s polarizations each. This signal is fed to
a polarization beam splitter (PBS). The separation of the aforementioned signals in the polarization domain
makes the PBS essentially function as the optical interleaver in the original design. In essence, one output of
the PBS corresponds to the spectrum as seen in the top arm of the interferometer after the optical interleaver,
and the other to the spectrum after the optical LO, as depicted in the bottom arm of the same figure. Test
data consisted of random QPSK constellations carried 7 GHz above their virtual optical carrier. The optical LOs
have a frequency shift of 5 GHz, so the system effectively downconverts the beams to 2 GHz at the output of the
optical detector. Tests were realized using one or two spatially multiplexed beams. The virtual antenna array
contains four elements, limited by the bandwidth of the available arbitrary wave generator (AWG). For the PPP,
a wavelength selective switch (WSS) (Finisar 4000S) was used. The electrical output is connected to a real-time
sampling oscilloscope. Further processing, including demodulation, is carried offline.
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Figure 3. Proof-of-concept experiment for the proposed Rx beamformer and MPSP. The optical spectrum at different
stages is presented. TLS: tuneable laser source; EDFA: erbium-doped fibre amplifier; RTO: real-time oscilloscope.
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Figure 4. EVM as function of phase step applied on the WSS. a) constellation for the recovered beam at 0° b) constellation
for the recovered beam at 30°; ¢) beams scrambled when the WSS is not correctly configured.

As with the computer simulations, to demonstrate the beamforming effect, a phase-sweeping routine is
implemented over the WSS. Results for a beamforming scenario with four AEs and two simultaneous beams are
presented in figure 4.

It is important to discuss the differences between the results of the numerical assessment and the experiment
data. First, one can observe shallower valleys and sharper rises in EVM. These are due to the limited dynamic
range available in the system, both in the optical modulator, and in the real-time oscilloscope. This is a reasonable
result, as the numerical simulation was executed under ideal conditions, including a noiseless environment, and
double floating point precision, contrasting to the 8-bit AWG and oscilloscope available.

Second, and more surprisingly, one can observe that the experimental curve lags behind the simulated data.
We acknowledge this difference, and we believe this happens due to poor calibration of the WSS used, i.e., the
phase requested (and plotted), does not correspond to the actual phase applied by the device. It is worth noting
that the limitation to four AEs exacerbates the issue. With a large number of AEs, a random error in calibration
would get averaged out. At the time of writing, debugging actions over the experiment are still ongoing.

In spite of such differences between numerical and experimental results, the beamforming effect, by beam-
steering a virtual PAA is clearly visible and demonstrated.
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6. CONCLUSIONS

A novel MPSP and its use in a receiving beamformer application was reported. The integrated system makes
use of WDM and a LCoS-based programmable photonic processor to make a SWaP-friendly system, suitable for
spaceborne payloads.

The architecture has been analytically demonstrated, as well as validated both numerically and experimen-
tally. Multiple beam separation at microwave frequencies was demonstrated by an analysis of the sweeping
behaviour of the beamformer, using EVM as a figure-of-merit.

Even though this system was originally thought for spaceborne antenna systems, we believe the architecture
proposed is suited for any kind of large-scale PAAs, be it in space or in ground systems.
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