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Abstract—Distributed
multiple-input
multiple-output
(MIMO) techniques gain substantial interest for LiFi in indoor
scenarios. Distributed MIMO provides homogeneous coverage,
higher throughput, reduced blockage probability and lower
latency. For developing efficient algorithms, profound
knowledge about the optical channels and their MIMO
properties are needful. In this paper, we have measured
distributed MIMO channels for LiFi in a conference room and
evaluated their capacity. Unlike RF, LiFi channels are mostly
due to the line-of-sight. Here, we show that the MIMO channel
matrix and capacity depend critically on the positions between
transmitter and receiver pairs. Favorable and unfavorable
configurations yield high and low capacity, respectively.
Keywords— Optical wireless communication, indoor LiFi,
MIMO, channel characterization.

I. INTRODUCTION
The increasing demand for indoor wireless
communication and the ongoing deployment of LED-based
illumination infrastructure stimulate the research on Light
Fidelity (LiFi) based technologies in recent years [1-6].
Additionally, available license-free optical spectrum promote
LiFi as a potential candidate for the fifth-generation (5G) and
beyond wireless communication networks [1]. As technology
for mobile communication, LiFi needs to support reliable
communication while doing handover between adjacent
access points. However, data transmission through LiFi is
restricted due to the limited bandwidth of LEDs, less coverage
area, link blockage, and shading effects. By taking care of
these limitations, the distributed multiple-input multipleoutput (MIMO) scheme allows reliable and uninterrupted high
speed data transmission in the intended coverage area [5-6].
Recently, few experimental research explored the
possibility of MIMO based on LiFi for data transmission in
realistic situations. The first practical study of a non-imaging
MIMO LiFi system, reported in [2], achieved a data rate of 50
Mb/s at a distance of 2 m. An experimental demonstration of
a MIMO LiFi system based on a cubic receiver has been
reported in [3]. The cubic structure reduces the correlation
between sub-channels, which is beneficial for the rank of the
MIMO channel matrix. Authors in [4] reported an
experimental investigation of 2x2 MIMO systems along with
an orthogonal circulant matrix transform (OCT) precoding
techniques and singular value decomposition (SVD) based
adaptive loading to boost the capacity of the channels.
Recently, our group reported the first field trial of distributed
MIMO LiFi network in an industrial scenario [5]. The
demonstration of 8x6 MIMO in a manufacturing environment
shows that the single links are hardly frequency selective but
sensitive to fast time variance due to link blockages. With

Fig. 1. Measurement scenario in the conference room

multiple links in a MIMO setup, very robust operation of LiFi
becomes possible.
LiFi as an indoor wireless networking technology requires
a deep understanding of the distributed MIMO channels in
order to optimize the performance and design the best
transmission strategies for multiuser wireless scenarios [6].
The channel capacity of the MIMO LiFi system gives
fundamental insights into the achievable performance using
optimal signaling schemes in a given configuration. In this
work, we present an experimental investigation of distributed
MIMO LiFi channels in an indoor conference room. The
frequency responses of all LiFi channels are measured
simultaneously and then, the channel capacity is estimated in
different multiuser scenarios. As a result, we have
demonstrate the effectiveness of the distributed MIMO setup
to support user mobility at very high data rates. The remainder
of the paper is structured as follows: Section II describes the
MIMO measurement for LiFi. Section III gives theoretical
background to derive the MIMO capacity from measurements
for LiFi. Section IV contains detailed experimental results of
channel response and estimated results for the MIMO channel
capacity.
II. MIMO MEASUREMENT FOR LIFI
Measurements have been taken in a typical conference
room in HHI with the size of 5.8 m x 6.8 m x 3 m as shown in
Fig. 1. The room is equipped with 6 tables and 12 chairs. The
Rxs, kept on the tables at 75 cm height, are looking towards
the ceiling. All six Txs, which look towards the floor, fixed
near the ceiling at 2.85 m height. This measurement scenario
is an example for the downlink of high bandwidth multiuser
MIMO transmission currently defined in the IEEE 802.15.13
standard.
The characterization of MIMO LiFi channels has been
performed using the channel sounder system developed in our

detection by a modified auto-correlation method suggested in
[9].
Subsequently, the OFDM blocks are processed
individually, followed by the de-multiplexing via a DFT. The
first OFDM symbols are the TSs containing the known
complex-valued pilot symbols on a grid of supported
subcarriers only, where the used grid depends on the
transmitter index. Based on these known symbols, channel
estimation on the supported sub-carriers and channel
interpolation between them has been performed for each pair
of transmitter and receiver [10]. Accordingly, the frequency
response of the entire 6x4 MIMO LiFi systems can be
recorded through simultaneous transmission and detection.
Fig. 2. DC optical power distribution. All Txs and Rxs positions are
marked as per Scenario 1.

III. MIMO CAPACITY FOR LIFI
Each frequency response of the LiFi system includes the
response of optical frontends, wires and optical propagation
channels. For the frequency response of each Tx and Rx
configuration, a calibration has performed using the frequency
response of an apparatus function. The LiFi apparatus channel
response is the frequency response at a known reference
distance with free line-of-sight (LOS). Therefore, the LiFi
channel response for each Tx-Rx configuration is measured.
All the measurement data are post-processed using the same
routine as in [7]. From the processed data, the 6x4 MIMO
channel matrix given as
⋯
⋱
⋮
1
⋯
Here, we consider the signals from 1 to 100 MHz only to
minimize the effect of noise. There are 812 discrete frequency
points in this frequency range. We have calculated the channel
matrix corresponding to each frequency bin. In the whole
measurement campaign, we observed that synchronization
caused changes in the slope of the phase response from
snapshot to snapshot. In order to nullify this effect, there is one
dedicated wired channel between AWG and digitizer to
trigger the time synchronization and obtain the exact phase
response in every snapshot.
⋮

Fig. 3. Channel parameters for Scenario 1: (a) Singular Values, (b)
Normalized channel gain at 1 MHz, (c) LOS distance matrix.

lab [5]. The LiFi channel sounder is capable of performing
broadband 8×8 channel measurements at frequencies of up to
250 MHz. The widely used multi-carrier approach, direct
current (DC) biased orthogonal frequency-division
multiplexing (OFDM), is used for the simultaneous
measurement of MIMO LiFi channels at all frequencies. Here,
the transmission side consists of a 16-bit, 8-channel arbitrary
waveform generator (AWG) (Spectrum DN 2.662-08) in
which the first 6 channels connected to 6 optical Tx frontends.
At the receiver side, the optical signals received by four
optical Rx frontends and connected to the first four channels
of the 8-channel digitizer (Spectrum DN 2.445-08). Initial
investigation of optical frontends are reported in [7]. Here, an
OFDM signal is generated using Matlab and transferred into
the memory of the AWG. The signals are simultaneously sent
from the AWG parallel outputs to the optical frontends and a
DC is added to modulate the LED around a certain bias
resulting in the DC-OFDM waveform.
The transmitted signal has a structure like a physical layer
frame consisting of three parts; (a) framing sequence (FS) for
detection of the frame start, followed by training sequences
(TS) for the estimation of the channel frequency response and
(c) OFDM symbols corresponding to the payload data. After
transmitting these packets through the wireless channels, the
optical signals are detected at the Rxs where they are
converted into the electrical domain. Then, the DC bias is
removed and the signal is digitized for the purpose of a
channel estimation which is similar to a real-time DC-OFDM
system. We defined FSs as in [8] and employed the frame

Our goal is to study the total channel capacity from the
quantitative measurement data. In information theory, channel
capacity, , is defined as the maximum achievable data rate
through the wireless channel. Like in mobile radio, the
channel capacity of LiFi MIMO system depends upon the
transceiver locations and significantly changes when the
transceivers moving around [11-12]. is called total channel
capacity measured in bits per second. Our measurement setup
provides the complex-valued discrete channel frequency
response corresponds at each frequency point and the
estimated signal to noise ratio (SNR) for each Tx-to-Rx link.
The SNR estimation at the Rx side is based on the estimation
of the error vector magnitude during the payload phase, as
reported in [5]. From the measured SNR, we calculated the
average SNR corresponding to each considered MIMO
configuration. This measured average SNR is considered as a
, of the MIMO system.
true SNR,
Using the fundamental formula from Foschini and Gans
[13-14], the capacity of MIMO channels expressed as
∙
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Fig. 4. DC optical power distribution. All Txs and Rxs positions
are marked as per Scenario 2.

Fig. 6. DC optical power distribution. All Txs and Rxs positions
are marked as per Scenario 3.

Fig. 5. Channel parameters for Scenario 2: (a) Singular Values, (b)
Normalized channel gain at 1 MHz, (c) LOS distance matrix.

Fig. 7. Channel parameters for Scenario 3: (a) Singular Values, (b)
Normalized channel gain at 1 MHz, (c) LOS distance matrix.

where
812 is the number of considered frequency
points, is the MIMO channel matrix, Δ is the bandwidth
covered by each subcarrier, Γ =10 is an empirical scaling
factor taking into account the impairments like non-linear
distortions (clipping) and imperfect constellation shaping,
is the noise power and is the total
is the total Tx power,
number of transmitters. As given in [13], the Tx power-tonoise ratio (PNR) is

Therefore, the singular values are calculated at each frequency
bin. Based on the singular values and fixed SNR, the total
channel capacity can be obtained as

3
where
is the average path loss of the MIMO matrix .
After substituting the true SNR in equation (3), we have
calculated the PNR. Finally, the PNR has substituted in the
equation (2) and the channel capacity corresponding to each
scenario has calculated. The SNR is variable for each
configuration during the measurement and one could use
efficient power control or adaptive multiuser algorithms for
optimizing the channel capacity. However, for characterizing
the wireless channel under equal conditions, we assume that
all the terminals receive the same power. This is equivalent to
assuming a fixed SNR at Rxs. We assumed a fixed SNR near
to the average SNR, for all our scenarios. Our approach of
channel capacity estimation is similar to the capacity
evaluation for RF channels as reported in [13]. At first, we
performed the singular value decomposition (SVD) of the
channel matrix at each OFDM subcarrier index. As a result,
,
the diagonal matrix D has at most
nonzero singular values of channel matrix H. Here, and
denote the number of Tx and Rx antennas, respectively.
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is
where N 812 is the considered total frequency points,
the average path loss of the MIMO matrix ,
is the
assumed SNR which is fixed at 20 dB for evaluation purposes
and Δ is the bandwidth covered by each subcarrier.
IV. RESULTS
This section reports on the results of MIMO measurements
for different LOS scenarios for multiple mobile users. We
considered four different cases, where Rxs move on the table.
Our intention is to provide some fundamental insights into the
MIMO channel characteristics and highlight critical scenarios
for the channel capacity. The results of channel matrix and
channel capacity evaluation show some dependency on the
positions of Rxs relative to Txs and among each other. In the
following, we show the channel parameters of the 6x4 MIMO
channel and then estimated the channel capacity.
A. Scenario 1: All recievers coming together
At first, the measurement has carried out by keeping all
Rxs close together at a location where all Rxs have a strong
LOS link. Fig. 2 shows the calculated heat map of the expected
DC optical power distribution at Rx kept at a height of 75 cm
and the Tx and Rx positions are marked in blue and red colors

Fig. 8. DC optical power distribution. All Txs and Rxs positions are
marked as per Scenario 4.

Fig. 9. Channel parameters for Scenario 4: (a) Singular Values, (b)
Normalized channel gain at 1 MHz, (c) LOS distance matrix.

respectively. For calculating the expected DC optical power
distribution, we have considered only the LOS link from all
Txs to a single Rx. The frontend parameters, such as half angle
and maximum optical power of Tx and field of view of Rx,
are considered same as in [7].
In scenario 1, the Rxs are in the corner positions of a
square grid of size 8 cm. The singular values in Fig. 3(a) show
that there is only one strong singular value, establishing one
degree of freedom only to communicate with all Rxs. This
means that only one data stream can be transmitted in the same
time slot, i.e. users can only be served sequentially by using
time-division multiple access (TDMA). Thus, the capacity
becomes rather low similar to a "keyhole" or "pinhole"
channel as in RF based MIMO channels [14]. Fig. 3(b) shows
all Rxs have a strong LOS contribution only from Tx2 and
weaker signals from Tx1 and Tx4. The distance between Tx
and Rx is estimated from the measured phase response and
added to the calibration distance to obtain the actual distance
between each Tx and each Rx. For signals going below the
noise level, i.e. 40 dB, it is not possible to retrieve the exact
phase information and thus the distance is set to zero (black
squares). In the LOS distance matrix, consistently, the Tx and
Rx pairs with strong optical power do have shorter distances
compared to weaker optical links having longer distances. The
distance matrix in Fig. 3(c) shows clearly that all Rxs are near
to each other with respect to all Txs.
B. Scenario 2: Two receiver pairs at two separate positions
In scenario 2, we considered two receiver pairs, (a) Rx1
and Rx3 and (b) Rx2 and Rx4. As shown in Fig. 4, the first

receiver pair, Rx2 and Rx4, kept close to each other with a
separation of 8 cm and having a strong LOS with respect to
Tx3. For the second pair, Rx1 and Rx3, having the same 8 cm
separation and strong signals mostly from Tx4. Here, the two
dominant singular values as given in Fig. 5(a), indicate the
presence of two parallel data links for the communication.
Each communication link can be assigned to one receiver pair.
Therefore, at the same time, parallel communication with two
data streams is possible. In other words, in the same time slot
either Rx1 or Rx3, and either Rx2 or Rx4 can served in
parallel. This will increase the channel capacity as compared
to the previous scenario. Fig. 5(b) shows Rx pairs have a
strong LOS contribution from Tx4 and Tx3 and weak signals
from other Txs. The distance matrix in Fig. 5(c) clearly
confirms that both Rx pairs are near to each other with respect
to the corresponding Tx. As in the previous scenario, for
signals going below the noise level, it is impossible to retrieve
the exact phase information and the distance is set to zero.
C. Scenario 3: One receiver pair at one position and other
two receivers at two different positions
In this scenario, one receiver pair, Rx1 and Rx2, kept close
to each other and other receivers, Rx4 and Rx3, kept at two
separated positions. Here, Rx1 has higher visibility from Tx4
and Rx2 from Tx3. The Rx3 has kept in the middle between
Tx6 and Tx4 and Rx4 is in the middle between Tx3 and Tx5
as shown in Fig. 6. From the Fig. 7(a), singular values shows
that at least three parallel data streams are possible. At the
same time, the first data stream is received in the receiver pair,
Rx1 and Rx2, the second data stream in Rx3 and the last in
Rx4. Hence, the channel capacity may increase further as
compared to the previous scenarios. The channel matrix in
Fig. 7(b) shows that except Tx1 and Tx2 all other Txs are
possible to communicate with Rxs. Here, Rx3 is kept far away
from Tx3 and Tx5 and Rx4 far from Tx4 and Tx6. Since the
receiver pair is in the better reception area, it can communicate
with respect to all Txs. In the LOS distance matrix as shown
in Fig. 7(c), distance values for signals below the noise level
are considered as zero. The Rx pair has almost the same
distance with respect to all Txs. Both Rx3 and Rx4 have larger
LOS distance with respect to all Txs.
D. Scenario 4: All receivers at four distant positions
Finally, all Rxs are kept in four different positions as
shown in Fig. 8. From the channel measurement data, singular
values are calculated and plotted as in Fig. 9(a). Singular
values have almost the same value indicating orthogonal
channels with similar strength between the ceiling
infrastructure and all mobile devices. The channel matrix in
Fig. 9(b) shows always a single strong link for each Rx to the
nearby Tx, while all other channels are weaker. In this
scenario, since each Rx is under one Tx, i.e. there is at least
one strong LOS optical link. All singular values of the channel
matrix are roughly the same as they are spatially well
separated with an equally strong LOS contribution relative to
the nearby Tx. This implies that parallel communication with
all receivers is possible at the same time. The distance matrix
in Fig. 9(c) shows that strongest signals have shorter distance
and weaker optical links have longer distance.
E. MIMO Channel Capacity
After calculating the measured average SNR and PNR, the
MIMO channel capacity has calculated according to equation
(2). In Fig. 10(a), the LiFi MIMO channel capacity is higher
when all users are well separated from each other. It is lower

V. CONCLUSION

Fig. 10. MIMO Channel capacity, (a) with PNR (b) with fixed SNR

when users get nearer to each other. In scenario 1, only one
data stream is possible in each time slot. The calculated total
capacity is around 571 Mb/s. In scenario II, there are two Rx
pairs spatially well separated. Two parallel streams are
possible simultaneously. The estimated channel capacity is
940 Mb/s. When two Rxs paired and other two Rxs kept
separated, we have observed three strong singular values. At
least three data streams can be transmitted in parallel. Since
all Rxs are kept in between the Tx positions, this scenario has
higher path loss and lower SNR as compared to the previous
scenario. Therefore, the observed channel capacity is little
lower around 900 Mb/s. In Scenario 4, all users have at least
one strong communication link. In this case, communication
with four parallel streams is possible in the same time slot.
This enables the MIMO system to utilize the maximum
observed capacity of around 1.5 Gb/s.
The channel capacity calculated from the singular values
and with a fixed SNR is shown in Fig. 10(b). Here, the SNR
is fixed at 20 dB. The channel capacity calculated according
to the equation (4). Even though the results differ as compared
to channel capacity using true SNR, it is high when all users
are spatially well separated from each other and low when all
users get together. In scenario 1, the calculated total capacity
is around 555 Mb/s. In scenario II, two parallel streams are
possible to send with a channel capacity of 883 Mb/s. When
two Rxs are paired and other two Rxs are kept spatially
separated, the channel capacity is around 985 Mb/s. In
Scenario 4, all users have at least one strong communication
link. The MIMO system to utilize the maximum observed
capacity of around 1.36 Gb/s.
The estimated channel capacity results shows a complex
relation between Rx and Tx configuration, singular values,
SNR or PNR. When the users are coming nearby, the MIMO
channel capacity is low and high as the Rxs are spatially
separated. In all scenarios, the distance between Rx and Tx
has also an impact onto the MIMO channel capacity. As the
Rxs come closer to the Txs, signals are stronger which
increases the SNR and thus the channel capacity. However,
the gain is only logarithmic while the separation of users has
a much higher impact and can increase or reduce the number
of channels that are available for parallel communication.
Our results show that there is a great variance of the
capacity depending on the user locations. The optimal MIMO
transmission strategy, i.e. the number of streams and the
modulation and coding scheme on each stream, has to be
adapted dynamically depending on the actual transmitter and
receiver location. In order to realize such schemes, a highly
flexible physical layer is needed which supports a variable
number of data streams and a variable data rate on each
stream.

In this paper, we have conducted for the first time a
distributed MIMO LiFi channel measurement campaign over
realistic distances in a conference room scenario. The optical
wireless channels between all transmitters and all receivers are
measured simultaneously. Our experimental results show that
the positions of optical frontends in the infrastructure and
mobile users have a significant impact on the achievable
capacity, ranging between 571 Mb/s and 1.5 Gb/s, with
variable number of streams ranging between 1 and 4. A highly
flexible physical and MAC layer is required to maximize the
achievable data rates in realistic MIMO scenarios. The main
tools are to adapt the number of parallel data streams and the
modulation and coding on each of these streams individually.
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