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Hybrid Free Space Optical Communication and
Radio Frequency MIMO System for
Photonic Interference Separation

Taichu Shi, Yang Qi

Abstract— We propose and experimentally demonstrate a
hybrid free space optical (FSO) communication and radio
frequency (RF) multiple-input and multiple-output (MIMO)
system for interference separation. The system switches between
FSO and RF MIMO modes and makes use of the complementary
advantages of the two modes. The MIMO receiver separates
signal of interest from in-band interference with blind source
separation (BSS), while the separation ratio is limited by the
physical dimensions of the MIMO antenna array. With FSO
channel, the system achieves over 30dB signal to interference plus
noise ratio, so the wireless system can transmit signals with high
orders of modulation. When the FSO channel is blocked and
line-of-sight transmission condition is not satisfied, the system
switches to the RF MIMO mode for interference cancellation.
The wireless system maintains continuous transmission at a lower
bit rate. Both the FSO mode and the RF MIMO mode can be
seamless integrated with photonic signal processing system for
wideband and real-time interference cancellation.

Index Terms— Interference cancellation, MIMO, free space
optical communication.

I. INTRODUCTION

ADIO frequency (RF) spectrum is a scarce resource for

wireless communications. Spectrum allocation methods
use the spectral resource in an efficient way, so multiple
systems share the same spectrum with the assigned bandwidths
and time slots [1]. Such a sharing mechanism reaches its
limit when all the spectra are well occupied, which leads to
the interference management methods [2]. Multiple-input and
multiple-output (MIMO) systems provide additional dimen-
sions to support multiplexing [3], and enable the blind sep-
aration of interference from signal of interest (SOI), which
allows many users to coexist with overlapped spectrum at the
same time. Photonic blind source separation (BSS) has been
demonstrated to process the MIMO signals and separate SOI
from interferences [4]. By upconverting the mixed signals to
optical frequencies, photonic BSS achieves GHz bandwidth in
real-time [5], [6].

Beyond bandwidth, another factor that limits the coexis-
tence of wireless systems is the separability of the mixed
signals. Although signal separation has been explored in
many algorithms, implementations of signal separation for
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Fig. 1. Interference cancellation enabled by high frequency carriers (optical
frequencies). The obstacle blocks the LOS transmission of high frequency
signal, and low frequency signal can pass through the obstacle. (SOI: signal
of interest).

the application of interference management meet with the
physical challenges of the MIMO receivers. The dimension
of the MIMO antenna array is a major factor that impact the
capability of the system to separate the mixed signals [7].
With limited physical dimension, the antennas receive similar
copies of the mixed signals, and thus interference cannot
be completely separated from the SOI. Such case is called
ill-condition, and widely exists in mobile receivers [8].

In this letter, we demonstrate a hybrid free space opti-
cal (FSO) and RF MIMO system for interference cancellation.
The ill-condition problem is solved by sending a reference sig-
nal for interference cancellation through FSO channel. Since
the reference signal only includes a copy of the interference
signal, and channel coefficient of the FSO link is extremely
different from that of the RF channel, the separation system
achieves high signal to interference plus noise ratio (SINR).
When line-of-sight (LOS) transmission is not available for
the FSO channel, the system switches to RF MIMO mode to
maintain continuous interference cancellation at a lower SINR.
Mixed signals from both the FSO mode and RF mode are
processed with the photonic BSS system for real-time signal
processing.

FSO communication has been widely studied to expand the
spectrum and transmission capacity of RF systems [9], [10].
Hybrid FSO/RF systems has been demonstrated to maximize
the transmission rate by switching to optical frequencies
when LOS is available [11], [12]. The hybrid FSO and
RF MIMO system in this letter is different from the FSO
communication systems that have been studied for high-speed
transmissions [13], [14]. The FSO channel in this letter is
to provide reference signal for interference cancellation in
applications of long-distance RF wireless communications
(e.g., Tx1-RxIl in Fig. 1) and also passive RF receivers
(e.g., radio telescope). The SOI carriers in such applica-
tions cannot switch to optical frequencies. Fig. 1 shows the
schematic diagram of the interference model. Rx1 receives
SOI from Tx1 and interference from Tx2.
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Fig. 2. Experimental setup of the interference cancellation system (MOD: Optical intensity modulators, FSO: free space optical communication, TD: optical

tunable delay, TA: optical tunable attenuator/amplifier, PD: photodiode).

II. PRINCIPLE AND SYSTEM SETUP
A. Principle: Signal Separation With Ill-Condition

The separability of mixed signals is quantitatively described
by the condition number of the mixing matrix. Consider the
two Tx-Rx pairs shown in Fig. 1, the received signals from a
MIMO receiver (Rx1) can be represented by:

X — AS or, |:X1:| _ [6111 012i| I:Ssoi:|
X2 azn Sint

az|
A is the mixing matrix. x; and x, are the received mixed
signals from MIMO antennas. Separating SOI s;,; and interfer-
ence si,; is to find the de-mixing matrix A~1. The difficulty to
accurately measure of de-mixing matrix is positively correlated
to the condition number of the matrix A [15]:

(1

)
3)

cond (A) = A - HA*l H

n
Al = mjax zi:l |a,-j|

The cases with large cond (A) are called ill-conditions [8].
A widely existing ill-condition is that each antenna of a MIMO
device receives similar copies of both the interference and SOI
(x1 is similar to x2 in Eq. 1). This problem happens when
the receiving antennas are physically close to each other, and
often exists in mobile devices, where the spatial dimensions
between the antennas are limited. In the extreme condition,
if the two receiving antennas receive the same copies of both
SOI and interference, where a1 = a>; and ajp = app, the
condition number of the mixing matrix A is infinity, and SOI
and interference cannot be separated.

The ill-condition problem can be effectively solved by
sending a reference signal with the FSO channel. When the
system is switched to the FSO mode, one of the MIMO
antennas is replaced by the FSO link. The FSO link sends
reference signals from the interference generator Tx2 to the
receiver Rx1. The FSO reference signal only includes a copy
of the interference signal, so the ap; in the mixing matrix is 0.

Eq. 1 is changed to:

X1 _ air  an Ssoi

x2 0 ax || Sin
ayy in Eq. 4 represents the FSO channel (Tx2-Rxl1).
ary and app in Eq. 4 represent the RF channels (Tx1-Rx1 and
Tx2-Rx1). Since the transmission property of the FSO channel
is significantly different from the transmission property of
the RF channel, ay, is significantly different from the ajz,
which means Rx1 receives two different copies of interference.

“)
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ayp is significantly different from the az(ap; = 0), which
means the receiver Rx1 receives two different copies of SOI.
The ill-condition problem is solved.

B. Experimental Setup

Fig. 2 shows the experimental setup of the hybrid FSO
and MIMO system. The system demonstrated functions of
Tx1 SOI transmitter, Tx2 interference generator, and Rxl
interference canceller in Fig. 1. Rx1 can switch between FSO
mode and RF MIMO mode and processes the mixed RF
signals with photonic circuits in both modes. In FSO mode, the
reference signal is intensity modulated on optical carrier with
wavelength 1544nm (laser 1 in Fig. 2). The tunable delays
and tunable attenuator/amplifiers at the receiver match the
phases and amplitudes of interference and reference signals
for interference cancellation. In the RF MIMO mode, the
received RF signals are intensity modulated on laser 2 and
laser 3 in Fig. 2. With photonic BSS, the de-mixing matrix is
solved and implemented with tunable attenuator/amplifiers [4].
Fig. 3 demonstrates the relative positions of the antennas in
the experiment. The setup includes two transmitting antennas
(Tx1l and Tx2) and two receiving antennas (Rx1 MIMO
receiver). Each antenna is represented by a black triangle
(Fig. 3 (a)). All the four antennas are omnidirectional antennas
with bandwidth up to 3GHz and peak frequency response at
800MHz. The relative positions of the antennas are drawn to
scale in Fig. 3 (b). The two antennas at the origin (0,0) form
a MIMO receiver, and the distance between the two antennas
is 2cm. The distance between the SOI transmitter (Tx1) and
the MIMO receiver (Rx1) is 111cm. The distance between
the interference transmitter (Tx2) and the MIMO (Rx1) is
60cm, which is also the transmission distance of the FSO
channel. The setup represents a general case for interference
cancellation where interference transmitter is closer to receiver
than the SOI transmitter.

III. RESULTS AND ANALYSIS
A. Mixing Matrix

The experimental results show that the condition number of
the mixing matrix in the FSO mode is 5 times smaller than the
condition number of the mixing matrix in the RF MIMO mode.
Fig. 4 shows the magnitude of the mixing matrix in the RF
MIMO mode. Because the physical locations of two antennas
at the MIMO receiver are close, the two antennas receive very
similar copies of the signals. Fig. 4 (a) shows that values of
ay; and ap; are close to each other, which means the two
antennas receive similar copies of SOI. Fig. 4 (b) shows that
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Fig. 3. (a) Schematic diagram for the mixing matrix. Each triangle shows

a transmitting or a receiving antenna. (b) The actual positions of antennas
in the experiment: Tx1 and Tx2 are two transmitting antennas for SOI and
interference respectively; Rx1 includes two MIMO receiving antennas.
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Fig. 4. Experimental measured mixing matrix when the system is in the RF
MIMO mode (a) ay; and a1 (b) aj2 and azy (c) and (d) are the enlarged
view at 840MHz.

the values a1 and app are close to each other, which means
the two antennas receive similar copies of interference.

Figs. 4 (c) and (d) is the enlarged view of Figs. 4 (a) and (b)
and show the frequency range used for both SOI and interfer-
ence. The magnitude of the mixing matrix at 840MHz is:

arz | | 0.0184 0.0491
axp |~ ] 0.0162 0.0524

ar
azi

Amimo = |: (%)
The corresponding condition number is cond (Apipo) = 41.
In the RF MIMO mode, the interference is separated from the
SOI with BSS algorithm. When the receiver noise is close to
the differential signals (a;; — az1)ssoi and (ay; — a22)Sint, the
BSS algorithm cannot accurately solve the de-mixing matrix,
and which leads to ill-condition.

The ill-condition problem can be effectively solved by using
a FSO channel to send the reference signal. The reference
signal is sent from interference generator to the receiver, so it
only includes a copy of interference, and does not include SOI.
This means that ay; is zero at all the frequencies (Fig. 5 (a)).
In the FSO mode, the switch in Fig. 2 is connected to the FSO
channel. xj in Eq. 1 is from one of the MIMO antennas and
x7 1s from the FSO channel. Since the frequency response of
the FSO channel (green curve in Fig. 5 (b)) is significantly
different from the frequency response of RF channel (blue
curve in Fig. 5 (b)), a2 and ap; are significantly different in
all the frequencies.

Figs. 5 (¢) and (d) are the enlarged views of
Figs. 5 (a) and (b), and the magnitude of the mixing matrix
in the FSO mode is:

aill
azl

(6)

A |: a121| [0.0184 0.04911|
FSO = = 0

ar 0.0826
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Fig. 5. Experimental measured mixing matrix when the system is in the

FSO mode (a) ay; and az| (b) ajp and aps (c) and (d) are the enlarged view
at 840MHz.
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Fig. 6. Constellation diagrams of the recovered SOI (a)-(c) FSO
mode: modulation format of SOI is QPSK, 16QAM, 64QAM respectively;
(d)-(e) RF MIMO mode: modulation format of SOI is QPSK, 16QAM,
64QAM respectively.

In the FSO mode, the condition number is cond (Arso) = 7,
which is over 5 times smaller than the condition number of
the RF MIMO mode. Since ay; is significantly different from
as1, and aj is significantly different from as;, the BSS system
can calculate the de-mixing matrix orders of magnitude more
accurately than the RF MIMO mode, which is demonstrated
in the next section.

B. Recovered Signals

Fig. 6 shows the comparison of recovered SOIs between
the FSO mode and RF MIMO mode. In the FSO mode
(Figs. 6 (a)-(c)), the SINR is 33dB. Clear constellation dia-
grams are achieved for QPSK, 16QAM, and 64QAM mod-
ulations. In the RF MIMO mode (Figs. 6 (d)-(f)), since the
system cannot accurately calculate the de-mixing matrix, the
SOI and interference are not completely separated. The SINR
is 15dB. The system can only operate with QPSK modulation
(Fig. 6 (d)). With 16QAM, the recovered signals are noisy
(Fig. 6 (e)). With 64QAM, the patterns of each point in the
constellation diagram cannot be identified (Fig. 6 (f)).

Based on the results in Fig. 6, the receiver operates with
FSO and RF MIMO modes alternatively for interference
cancellation. When the LOS transmission is available, the
receiver operates in FSO mode. The 33dB SINR enables
high orders of modulation for SOI (16QAM and 64QAM).
When the LOS transmission is not available, the receiver
operates in RF MIMO mode to maintain the continuous
interference cancellation, and the SOI deploys low order of
modulation (QPSK).
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Fig. 7. The actual positions of antennas when SOI transmitter and interfer-
ence transmitter are aligned with the receiver.
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Fig. 8. Constellation diagrams of the recovered signals when SOI transmitter
and interference transmitter are aligned. (a) System is in FSO mode and SOI
is QPSK; (b) System is in FSO mode and SOI is 64QAM; (c) System is in

RF MIMO mode and SOI is QPSK.
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Fig. 9. SINR decreases with the increasement of the condition number.

To further compare the difference between the FSO mode
and RF MIMO mode, the relative positions of Tx1, Tx2, and
Rx1 are changed according to Fig. 7. In this case, Tx1 and Tx2
are on the same side of Rx1 and both of the transmitters are
aligned with the receiver. Compared with Fig. 3 (b), this case
is more challenging for the RF MIMO receiver to separate
interference and SOI, and the mixing matrix is:

_|ain ann| _[0.0162 0.0491
A= [cm a221| - [0.0184 0.0524:| D
The corresponding condition number is cond (A) = 132,

which is about three times of the condition number in Eq. 5.
In such case, the RF MIMO receiver is not able to sepa-
rate interference with SOI and the received signal is pure
Gaussian noise (Fig. 8 (c)). In the FSO mode, the mixing
matrix is:

A [an

asl

The corresponding condition number is cond (A) = 8, which

close to the condition number in Eq. 6. The recovered

SOIs in the FSO mode have clear constellation diagrams

for both QPSK and 64QAM modulations with SINR 34dB
(Figs. 8 (a) and (b)).

Fig. 9 shows the scatter plot of simulation results with

500 different mixing matrixes. The recovered SINR decreases

with the increasement of condition number (black dots), which
matches with the experimental results (red dots). The three red
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dots from left to right correspond to the constellation diagrams
of Fig. 6 (a), Fig. 6 (d) and Fig. 8 (c) respectively.

IV. CONCLUSION

We proposed and experimentally demonstrated a hybrid
FSO and RF MIMO system for interference cancellation. The
cancellation system switches between RF MIMO mode and
FSO mode to takes advantage of the complementary benefits
of the two modes. The MIMO receiver ensures the continuous
interference cancellation and maintains the availability of the
SOI channel when the FSO channel is blocked. When LOS
transmission is satisfied, the system is switched to the FSO
mode. The frequency response and transmission function of
the FSO channel is significantly different from the RF channel,
so BSS system in the FSO mode can solve the de-mixing
matrix more accurately than the system in the RF MIMO
mode. In the FSO mode, the system achieves 33dB SINR,
so high orders of modulation, such as 16QAM and 64QAM
can be applied for the SOIL.
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