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Abstract—An all-optical processing aided multi-functional
wireless Multiple-Input-Multiple-Output (MIMO) architecture
is designed, where both diversity and beamforming gains can
be attained. Explicitly, we propose an architecture, where the
twin-antenna Alamouti space-time block coded symbols are
transmitted using a single Mach-Zenhder Modulator (MZM) over
a plastic optical fiber. The signal is then transmitted through a
set of Fiber Bragg Gratings (FBGs) for attaining the appropriate
phase shifts for beamforming, followed by transmission over the
wireless channel. The attainable angular beamsteering range is
about 150°, where beamsteering is realized without the need for a
large number of complex electronic phase shifter networks. The
tuning of the beamsteering angle can be readily implemented by
carefully controlling the drive voltage in the Mach-Zenhder Mod-
ulator, where we use MZM aided multi-wavelength generation
for supporting a large number of antennas.

Index terms Beamforming, Plastic Optical Fiber, Multifunc-
tional MIMO, Mach-Zenhder Modulator.

I. MOTIVATION AND CHALLENGES

Optical fiber aided wireless beamforming is attractive com-
pared to its electronic phase shifter assisted counterpart,
especially once fiber in the home (FITH) relying on low-
cost plastic optical fiber becomes a reality [1], [2]. Plastic
Optical Fiber (POF) is regarded as a strong candidate for
future indoor communication systems, since it provides a low-
cost solution to indoor communications due to its conveni-
ent installation [1]. However, POF techniques are in their
infancy, like silicon was decades ago, which motivated our
research. When reaching maturity, POF may even replace the
plastic insulation of mains-wiring. On a similar note, multi-
functional Multiple-Input-Multiple-Output (MIMO) systems
constitute promising techniques, since both diversity as well as
multiplexing and beamforming gains can be attained in order
to reduce the effect of multipath fading and to increase both
the channel capacity and Signal-to-Noise Ratio (SNR) gains
[3], [4]. Furthermore, the standardization of different MIMO
techniques including transmitter beamforming in the IEEE
802.11 family used for Wi-Fi [5] motivates the implementation
of the MIMO techniques in the indoor environment. Hence,
we aim for designing an all-optical processing aided multi-
functional MIMO (MF-MIMO) assisted indoor system, which
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achieves both diversity as well as beamforming gains and
supports multiple users relying on all-optical processing by the
POF, while minimising the number of electronics components
and processing cost [6].

A number of challenges are imposed by the current MF-
MIMO aided indoor networking techniques, which can be
summarised as follows:

1) State-of-the-art beamforming techniques mainly rely on
invoking phase shifters in the transceiver, which impose
a high insertion loss [2].

2) Numerous phase shifters are needed for beamforming in
large-scale MF-MIMO systems, such as Layered Steered
Space-Time Codes (LSSTC) and Layered Steered
Space-Time Spreading (LSSTS) [4], [7].

3) Since each MZM can only modulate a single RF sig-
nal, hence multiple optical modulators are required for
transmitter diversity or multiplexing techniques, such as
Space Time Block Coding (STBC) [8] and their number
is proportional to the number of transmitters, which
potentially results in high complexity [9].

The first challenge can be tackled by using fiber optical
solutions, such as a chirped fiber brag grating (CFBG) [10],
relying on the wavelength-dependent time delay imposed by
CFBG. Therefore, the complexity of the MF-MIMO config-
uration can be substantially reduced by avoiding bulky phase
shifters [10]. The optical solution is capable of reducing the
loss imposed by an electronic phase shifter and significantly
simplifies the wireless beamforming [2].
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Figure 1: A FITH Architecture based on POF. TXs: Transmit-
ters, RG: Residential Gateway, POF: Plastic Optical Fiber

As for the third challenge, a single optical double-side-
band (ODSB) modulation solution was proposed in [11] for
simplifying the system by encoding the related pair of signals
into two different side bands of an ODSB signal using optical



up-conversion. However, no beamforming can be realized
using the architecture of [11], unless we expand the same
architecture to an increased number of antenna elements.

Therefore, we propose the all-optical processing aided
downlink architecture of Figure 1 conceived for an indoor en-
vironment, which amalgamates both STBC and beamforming
by exploiting the nonlinearity of the Mach-Zenhder Modulator
(MZM) and of the CFBG in order to address all three of
the above mentioned challenges. We propose STBC as an
example of a transmitter diversity scheme, noting that our
system is quite flexible and hence it is also readily applicable
to other sophisticated MIMO techniques, such as V-BLAST
[3], Spatial Modulation or Space-time Shift Keying (STSK)
[12]. Combining STBC and beamforming has been proposed
in the literature [3], [4], [7], where it was shown that the
combination of these two techniques attains a better bit-error-
rate performance than each of the individual techniques [3],
[4], [7]. Additionally, based on the capacity analysis presented
in [13], in non-line-of-sight channels, the combination of the
two techniques provides a higher capacity than each individual
technique. The beamforming employed in this paper is analog
beamforming, which requires the knowledge of the Angle of
Departure (AoD) at the transmitter. The AoD can be estimated
using the techniques reported in [14], [15]. On the other hand,
STBC requires the knowledge of the channel impulse response
at the receivers, which can be estimated as reported in [16].

In order to generate the twin-antenna aided STBC symbols
[8] whilst relying on a single wavelength, we will use a
combination of two Laser Diodes (LDs) and a pair of op-
tical band-pass filters. Their output signal will be fed into a
MZM. Then the MZM copies the STBC signals to multiple
wavelengths by exploiting the nonlinearity of MZM [17].
The wavelengths can be tuned by a frequency-controllable
MZM drive signal in order to control the beamsteering angle.
These signal processing operations will be carried out by
the residential gateway (RG) of Figure 1 (the link between
the access and the in-home network). Afterwards, a POF
is invoked for supporting a multi-user system in each floor
of Figure 1 by relying on the mode division multiplexing
principle [18], where each mode is capable of carrying the
STBC symbols of a different user. Then, by exploiting the
time delay of CFBG and by invoking the appropriate photo-
detection and demodulation, a beamforming angular range
of approximately 150° can be achieved for each transmitted
signal corresponding to each STBC symbol.

The novelty of this paper can be summarised as follows:

1) The MF-MIMO principle can be readily supported by
optical fiber based processing without requiring a large
number of phase shifters and multiple optical modu-
lators, hence substantially reducing the complexity of
wireless beamforming systems additionally supporting
the STBC.

2) We design a novel tunable microwave generator based on
the MZM’s nonlinearity for controlling the beamforming
pattern, whilst also providing a less costly alternative
in comparison to the state-of-the-art commercial mi-
crowave generators.

3) By conveniently controlling the number of side-bands
with the aid of the MZM’s nonlinearity, the system
becomes quite scalable and it is capable of supporting

larger antenna arrays for the sake of achieving narrower
beams.

4) Mode division multiplexing (MDM) is implemented
within a plastic optical fiber for supporting multiple
users, where the multiple STBC signals of different users
can be readily mapped to different modes.

The rest of the paper is organised as follows. In Section II,
the proposed system architecture will be presented, while our
performance results are discussed in Section III, followed by
our conclusions in Section IV.

II. PROPOSED SYSTEM MODEL

In this paper, we propose a multi-user system for the
downlink of an in-home network, where each user’s signal
is encoded as a 2 x 1 STBC signal modulated onto a double-
side-band optical carrier and transmitted over plastic optical
fiber. Each signal of the STBC can be beamsteered by using
all-optical processing. Thus, the system of Figure 2 can be
expanded to support multi-user applications by simply copying
the same design and transmitting the different users’ signals
in different modes of the POF using MDM, which is shown
in Figure 3. To further detail the rationale of our proposed
system, we will simply describe a single-user model and
characterise the spectrum of the signal at each processing stage
in the network.

As shown in Figure 2, a modulated optical double side-
band (ODSB) signal is generated by exploiting two direct-
modulated laser diodes (LDs), with each bandlimited by an
Optical Band Pass Filter (OBPF). Using the OBPFs of Figure
2, the upper side band of the upper LD and the lower side band
of the lower LD are removed, while the remaining side-bands
are combined. Then, the combined signal, which contains the
data streams z; and x2 in the separate side-bands is fed into
the MZM?2 of Figure 2. Here, the pair of data streams x; and
x9 correspond to the pair of symbols transmitted from the two
antennas of the Alamouti Scheme, with x; fed into Transmitter
Antenna Array 1 (TAA1) and x5 fed into Transmitter Antenna
Array 2 (TAA2) as shown in Figure 2 [8].

In our design, we generate a multi-wavelength signal for
supporting beamforming as motivated below. In order to
realize directional beamsteering, when employing linear uni-
form arrays, each element requires differently delayed signals,
where the time delay difference between the neighbouring
elements must be constant. Since CFBG imposes a linear time
delay on the carrier, it can be invoked for the beamforming
scheme by exploiting the time delay difference of the different-
wavelength carriers in CFBG. Thus, a multi-wavelength signal
carrying the same signal at each wavelength having a constant
wavelength-spacing is required, whilst guaranteeing a constant
time delay difference between neighbouring elements.

Here, the higher order side-bands introduced by the non-
linearity of MZM?2 seen in Figure 2 can generate a multi-
wavelength signal, and each wavelength carries a set of STBC
signal. The STBC signal is transmitted as ODSB and copied
to different wavelengths. Then, the multi-wavelength signal
generated for each user is transmitted in a single mode of
the POF, while the different users’ signals are transmitted
in different modes. The CFBG of Figure 2 seen at the
output of the POF provides the different wavelengths of the
multi-wavelength signal associated with different delays, thus
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offering beamforming for the same signal after photo-detection
and demodulation.

As demonstrated in Figure 2, after the CFBGs, the delayed
wavelengths will be power-divided into two different de-
modulation schemes (DS), where each one contains several
branches. The number of branches depends on the number of
antenna elements. As shown in the bottom box of Figure 2,
in each branch of DS 2, the multi-wavelength signal is split
by a OBPF to retain half of the optical carrier having the
corresponding wavelength and the right side-band which is
modulated by x3. By contrast, in DS 1, the left side-band is
filtered out. Thus, during the demodulation, the delayed photo-
detected signal is categorized into one of two groups and it
is mapped to two antennas according to the filtered-out side-
bands. For each antenna, we arrange for a linearly increasing
time delay after the photo-detection of each wavelength, which
is then exploited for beamsteering [2]. The desired beamsteer-
ing direction is determined by using explicit beamforming

feedback, where a beamforming weight matrix containing the
phase information for each antenna element is sent back from
the desired users to the TAAs [19]. Then, in our design, this
information is fed back over the fiber to the tunable frequency
generator of Figure 2 through the POF, where the correspond-
ing driving frequencies are applied. Explicitly, the AoD can
be accurately estimated using classic techniques reported in
the literature, such as the direction search for the largest gain
used in the IEEE 802.11ad standard [14], the Kalman filter
based tracking algorithm presented in [14] and the path search
techniques using different beamwidths [15]. Additionally, sev-
eral channel estimation technniques have been proposed for
STBC in the literature, including closed-form blind channel
estimation [16]. Then, the AoD information can be sent back
to the tunable frequency generator to adjust the corresponding
beamsteering angles.

Consequently, the specific pair of data streams modulated
using STBC and carried by the same Radio Frequency (RF)



will be beamsteered. Additionally, to appropriately tune the
beamsteering direction, a tunable microwave generator used
as the drive signal is imposed on the MZM?2 for the sake of
controlling the spacing of each wavelength, hence indirectly
resulting in an adjustable beamforming pattern. The multi-
wavelength generation, tunable microwave generator and the
multi-user system design will be described in the following
sections.

A. MZM-Aided Multi-wavelength Generation

As shown in Figure 2, the multi-wavelength signal is
generated with the aid of the MZM’s nonlinearity, where the
ODSB appears at every wavelength [17]. This is arranged for
ensuring that different wavelengths experience different delays
in the CFBG and hence beamforming can be achieved for
each STBC signal, which is a benefit of the CFBG-induced-
time-delay of each wavelength. Here, we briefly introduce the
physical rationale for this process.

The RF signal is directly modulated by laser, which can be
formulated as:

Edm =V ]DlaserejQWfOCt[l + 005(27TfRFt)]7 (1)

where Ey,, is the output field of the direct-modulated LD that
operates at an optical power of P, and an optical frequency
of f,c, which is modulated by a RF signal of frequency frp.

As detailed in [20], higher-order optical side-bands can be
generated based on the voltage of the drive signal imposed on
the MZM, which results in the optical signal as [17]:
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where the Ey; s is the output field of MZM2 seen in Figure 2
having a switching voltage of V., which imposes a phase-shift
of 7 for each arm of the MZM, while Vj,. is the drive voltage
having the center angular frequency of wro/(27). Finally,
Jn(’;“/,‘f) is the Bessel function of the first kind and order n,
which determines the number of side-bands.

The multi-wavelength signal generated is attributed to the
changing of side-bands, which rely on V.. Thus, copies of
ODSB can be readily obtained by simply tuning the voltage of
the drive signal. However, to achieve convenient beamsteering
tunability, in the following section a novel tunable microwave
generator capable of generating the drive signal of MZM2 seen

in Figure 2 is described.

B. Tunable Frequency Generator

In our system, CFBG is used for adjusting the time-delay
imposed on the optical carriers, which can then be exploited
for beamsteering [21]. This requires multiple wavelengths
carrying the same signal and hence we utilize a MZM to
create the multi-wavelength signal mentioned in Section II-A.
However, for tuning the beamsteering direction and meet the
minimum wavelength spacing requirement of 12.5 GHz to
avoid inter-channel crosstalk in optical transmission [22], a

tunable microwave generator is required for the MZM’s drive
signal. Thus, we created the low-complexity tunable frequency
generator of Figure 2 relying on another MZM modulator.
Similar to the analysis in Section II-A, the higher-order side-
bands resulting from the MZM’s nonlinearity combined with
a voltage-controllable drive signal will create a drive-voltage-
dependent optical signal.

As depicted in Figure 2, a four-side-band signal is generated
by MZMI1, where the optically modulated output signal is
filtered by a notch filter (optical band stop signal) to retain
merely the leftmost and rightmost side-bands, denoted here
by f1 and f4. Thus, after photo-detection, the frequency of
the demodulated RF signal will be twice that of the left/right-
most side-band. In the example of Figure 2, (f4 — f1) is the
output used for the drive signal of MZM2, which depends
on the drive signal of MZMI1 and on the number of the
side-bands generated. Explicitly, the edge side-bands rely
on the amplitude variation of the drive voltage, which will
then control the frequencies generated by photo-detection. A
tunable lower frequency generator can be used for generat-
ing microwave frequency. Thus, compared to commercially
available microwave generators, this is a more cost-efficient
solution for providing tunable frequencies.

C. MDM based multi-user design

POF is referred to as a multi-mode fiber [1] and can be used
for the currently fast developing fiber technique of MDM [23].
Mode division multiplexing is a technique coupling different
signals into different modes of multi-mode fiber. Here, we use
POF as a mode division multiple access channel. As shown in
Figure 3, each user’s data feeds one of the modes of POF
and shares the same receiver design, while each user can
tune its own angle independently. Thus, the beam pattern can
be adjusted and avoid interference while supporting multiple
users thanks to our system’s flexibility of independent tuning
processes for different users.

To verify our proposed system, we consider twin-antenna
based STBC modulation and each of the two STBC antenna
arrays is equipped with four beamforming elements, as seen
in Figure 2 and detailed in the following section.

III. SIMULATION RESULTS

Table I: Simulation Parameter

Parameter Value

RF signal 2.4 GHz

LD Center Wavelength 1550 nm

Drive Frequency (MZM) | 12.5 GHz
MZM mode push-pull mode
Fiber type POF

Fiber length 40 m

Channel Model Power Flow Equation
CFBG length 22cm

Diversity employed STBC
Modulation Type DBPSK
Simulation Environment | MATLAB

In this section, we consider a system to support the Wi-
Fi spectrum of 2.4 GHz, where each user is supported by



MF-MIMO transmission intrinsically combining twin-antenna
STBC and beamforming. We consider beamforming using
four antenna elements per antenna array. Table I shows the
simulation parameters, where after STBC encoding [8], the
Differential Binary Phase Shift Keying (DBPSK) STBC signal
is direct-modulated by two separate LDs. The MZM is based
on the Quadrature Point and operates in the push-pull mode
[17]. Furthermore, 7;‘/7? is set to 0.13, where the third side
band can be ignored, due to the low power level, as shown in
Figure 4.
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Figure 4: MZM aided multi-wavelength generation

In Figure 4, we opted for 40 GHz (1550 nm) as the center
frequency for the simulations and a wavelength spacing of
12.5 GHz is used. It is shown in Figure 4 that the same
pair of STBC signal is modulated to the ODSBs carried by
different wavelengths. A short plastic optical fiber of 40 m is
simulated based on Mateo’s power flow equation detailed in
[18], which is suitable for mode division multiplexing, where
the multi-wavelength signal is coupled into one of the mode
in the POF. A 22 cm CFBG is used for introducing the delay
required at the different wavelengths in order to impose the
specific time delay required for beamsteering. The time delay
imposed on the different wavelengths is simulated by using the
OPTIGRATING software [24] as shown in Figure 5, where
the delay is a linear function of the wavelengths ranging from
1549 to 1551 nm.

Arranging for a constant wavelength-spacing guarantees
the required equal time delay difference of neighbouring
wavelengths due to the linear time delay of the CFBG, as
shown in Figure 5. This introduces a linearly increasing time
delay between the adjacent elements of each antenna, hence
resulting in beamsteering in the wireless transmitter. Here,
according to the gradient of the linear part shown in Figure
5, we can readily obtain the time delay for the wavelength
spacing of 0.1 nm (12.5 GHz) as 78 ps.

To control the beamsteering direction, the tunable range of
frequencies in Figure 2 spans from 12.5 GHz to 31.5 GHz
with a step size of 1 GHz. This correponds to a time delay
difference ranging from of 78 ps to 200 ps, with a step size of
approximately 6 ps. This allows us to tune the beamforming
pattern of a four-element antenna, as shown in Figure 6, where
the beamforming pattern of each step changes from the right
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Figure 5: Time Delay of CFBG

to left in a very small step. It is clearly shown in Figure 6 that
the beamsteering angular range is upto 150°, which is suitable
for indoor transmissions.

Beampattern with 4 antenna elements

Angular Tuning Range

Figure 6: Beamforming Pattern

The system is scalable, where by carefully tuning the
drive signal voltage of MZM2, the number of wavelengths
will be changing, adapting itself to different antenna sizes.
For example, more than two side-bands can be obtained
by the MZM-Aided multi-wavelength generation mentioned
in Section II, narrowing the beams and thus increasing the
propagation range.

Additionally, MDM introduced by POF is capable of sup-
porting multiple user transmissions, as shown in Figure 3,
where user 1, 2 and 3 share the same architecture before the
POF of Figure 2. User 1, 2 and 3 encode different sets of
STBC signals with the aid of the same architecture and these
signals are transmitted in different modes of the POF through
MDM. At the receiver side of POF, the demodulation is the
same as that of the single-user system of Figure 2. In order to
show how the different users’ signals can be tuned using the
proposed architecture, Figures 7 and 8 show different beams
for three users. In the example of Figures 7 and 8, three users
are located at angles of 110°, 70° and 140°, which correspond
to time delay differences of 78 ps, -78 ps and 162 ps. Figure 7
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Multi-user Beamforming (3 users)

Figure 8: A Multi-user System Beampattern (N=7 antenna
elements)

shows the beams, when N=4 antenna elements are used, while
Figure 8 shows the beams, when N=7 antenna elements are
employed.

IV. CONCLUSIONS

A novel all-optical processing aided multi-functional wire-
less MIMO system was designed by exploiting the MZM’s
nonlinearity and CFBG, where a POF was used for supporting
a multi-user system. Furthermore, a novel tunable microwave
generator was conceived for feeding the MZM drive signal as
a more cost-efficient solution than its commercial counterpart.
The ODBS-encoded STBC signal was realized by using a
combination of two LDs and two BPFs, where the associated
multi-wavelength generation is based on the MZM’s nonlinear-
ity. Our design achieved a beamforming angular range of upto
150° with a small time delay step of 6 ps, which is suitable
for indoor communications.
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