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Abstract— In this work we introduce a novel high-speed ar-
chitecture for indoor wireless optical communications termed the
dynamic spot diffusing (DSD) architecture. In this configuration
the transmitter modulates data onto a spot on the ceiling which
moves in a closed path. An imaging receiver acquires data
whenever the transmitter spot is in its field-of-view (FOV). We
show that this technique is more flexible, has greater multipath
immunity, permits higher data rates and has a simpler transmit-
ter than previously defined multi-spot and diffuse architectures.
We compare the available channel capacities for a family of
spot paths and receiver FOV. Instead of synchronizing to the
spot location, rateless erasure correcting codes are applied to
approach the capacity of the simulated DSD links. In a 6×6×3 m
room, simulated data rates vary between 12.1 Mbps to 40 Mbps
at different positions using a single 100 Mbps transmitter and
the designed erasure correction code.

I. INTRODUCTION

Indoor high-speed wireless applications have grown rapidly
and wireless optical networks have gained attention as a poten-
tial solution. In the optical band, there is a wealth of bandwidth
that is unregulated world-wide making it theoretically possible
to have very high-speed communications. However, indoor
wireless optical transmissions are limited due to low-pass
multipath distortion and limited average optical power due to
eye and skin safety issues. As a result, much effort has been
expended to develop optimized channel architectures to realize
higher data rates. In this paper, we introduce the dynamic
spot diffusing (DSD) wireless optical channel. This channel
architecture is shown to overcome the multipath and optical
power limitations of the indoor channel and provide high data
rates with a relatively simple transmitter and erasure correction
coding.

Diffuse wireless optical channels emit radiation over a large
solid angle while the receivers collect the reflected power with
a wide field-of-view (FOV) detector [1]. This configuration
permits a great deal of mobility and robustness to blocking
and shadowing, however, data rates are limited due to intense
multipath distortion. Standard IrDA advanced infrared (AIr)
links support data rates of at most 4 Mbps [2] while IEEE
802.11 diffuse links support maximum rates of 2 Mbps [3].
On the other hand, directed line-of-sight wireless optical links
enjoy high data rates at the cost of precise alignment between
transmitter and receiver.

The multispot diffusing (MSD) architecture combines the
benefits of directed and diffuse links [5, 6]. In MSD networks,
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Fig. 1: The proposed DSD configuration

the transmitter sends data by modulating several narrow beams
to create an array of spots on the ceiling. Ideally, a receiver im-
ages a single spot and decodes the transmitted data. Identical
data is transmitted to all spots in a room. Computer generated
holograms have been proposed to form arrays of 10×10 spots
for this application [7]. MSD receivers have a smaller FOV
than diffuse links and thus collect less multipath distortion.
Simulated bandwidths for MSD links are in excess of 2 GHz
[8]. Recent work considers a line strip arrangement for the
spots which still offers significant gains over diffuse links at
a lower complexity [9].

The dynamic spot diffusing architecture proposed here de-
rives many of the advantages of MSD links while reducing
the complexity of the transmitter. As shown in Fig. 1, the
DSD channel configuration consists of a single spot which is
translated over the ceiling in a closed path. A multi-element
imaging receiver is directed towards the ceiling and performs
select-best combining [10]. Data symbols are received when-
ever the transmitted beam is in the FOV of the receiver.
As discussed in [8], the main limitation of MSD channel
bandwidth are receptions from more than one spot in the
receiver FOV. This is not a problem in the DSD channel since
there is a single (or few) optical emitters which greatly reduces
the impact of multipath distortion over MSD, allowing for the
use of a high speed modulator. The channel capacity of this
link is computed and shown to provide high data rates. In order
to realize the channel capacity, we apply a class of erasure
correcting codes termed rateless codes to this channel. Due to
the robustness of these codes, user mobility is permitted while
maintaining the highest possible rate for any given point in a
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room. Simulations indicate that with a 100 Mbps modulator
data rates as high as 40 Mbps are available at the receiver
using a single low complexity transmit beam.

The paper starts with a formal definition of the DSD
channel in Sec. II and presents a discussion on transmitter
and receiver design as well as on path selection. In Sec. III
erasure correcting codes are presented as a practical solution
which approaches the capacity of the DSD channel. Finally,
the paper concludes in Sec. IV with directions for future work.

II. THE DYNAMIC SPOT DIFFUSING CHANNEL

In a DSD system a few or even a single spot moves on
the ceiling with a specific path such as a circle or a line in
a periodic manner and is modulated with high bit rate data.
As shown in Fig. 1, the receiver consists of multiple imaging
elements oriented toward the ceiling. There are many examples
of such imaging receivers for indoor wireless optical channels
[4, 10, 20]. Each receiver receives data whenever the spot is in
its field of view and receives only noise when the spot is not
in its field of view.

Unlike MSD wireless optical links, the channel characteris-
tics to any one receiver vary greatly in time, even for stationary
receivers. The channel alternates between two states: a wide
bandwidth high SNR channel when the spot is in the FOV of
the receiver and a very low data rate, poor SNR link otherwise.
In fact, the spot motion adds a degree of fading to this wireless
optical channel. The advantage, however, of the spot motion
is the added flexibility of the channel and simple transmitter
design. The data rate for this channel will be shown to be quite
high, in excess of 20 Mbps using a low complexity 100 Mbps
transmitter. Rather than trying to synchronize the receiver to
the transmitter we design channel coding techniques which
approach this rate in Sec. III.

This section presents a discussion on the characteristics of
the DSD channel and on the design of transmitter, receiver and
the selection of spot path. The goal of design is to engineer a
channel which provides high data rates to all parts of a room.

A. DSD Channel Model

Indoor wireless optical channels can be well represented as
the baseband channel [11],

y(t) = x(t) ⊗ h(t) + n(t) (1)

where ⊗ denotes convolution, y(t) is the received photocur-
rent, x(t) is the transmitted intensity, h(t) is the channel
impulse response and n(t) is the channel noise.

Indoor wireless optical channels are impaired by strong
ambient illumination which results in high-intensity shot noise.
The noise, n(t), is modeled as white, independent of the
transmitted signal and Gaussian distributed [11, 12]. Since x(t)
is an optical intensity, all amplitudes must be non-negative
and the average amplitude is constrained for eye-safety. In
this work, we assume that rectangular on-off keying is the
modulation used for the DSD link.

The channel response, h(t), in (1) can be separated into two
components

h(t) = hLOS(t) + hMUL(t) (2)
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Fig. 2: (a) Received multipath signal for an MSD and DSD
system with receiver FOV = 11.2◦, (b) Frequency response
for MSD and DSD systems.

where hLOS(t) is due to the line-of-sight (LOS) path and
hMUL(t) is due to multipath distortion. In order to compare the
multipath distortion of a DSD system versus an MSD channel
[8], the impulse response was simulated using the well-known
technique of Barry et al. [13]. For both simulations the room
size was 6×6×3 m and the receiver was placed at a height of
1 m from the floor. A 10× 10 array of equal power spots was
used for the MSD channel, as in [8], and the DSD channel
was simulated for a single spot centered in the receiver FOV
with power equal to a single MSD spot. In both cases, the
receiver FOV was set to 11.2◦ as in [8]. Fig. 2 plots the h(t)
and the frequency response of the DSD and MSD channels.
Notice that the multipath component of MSD is much larger
than DSD channels due to the increased number of spots.
Since there are two spots in the MSD receiver FOV, the 3 dB
bandwidth of the MSD channel is near 2.4 GHz while the
DSD channel bandwidth exceeds 10 GHz, however the MSD
DC gain is larger than the DSD channel in this simulation.
Thus, as noted previously for the MSD channel [6, 7], the DSD
channel is “virtually multipath free” and is characterized by a
time-varying gain at each point in the room.

The key difference between the DSD channel and other
indoor diffuse channels is the time-varying nature of h(t).
Because of the wide bandwidth of the DSD channel response,
we approximate the frequency response to be flat in the band
of interest. Figure 3(a) plots the channel gain for a single
period of spot motion for four points in the room, shown in
Fig. 3(b), when the spot follows a circular path with period T
seconds. The receiver in the simulation is an imaging receiver
with FOV of 45◦ such as the one presented in [10]. Notice
that the channel gain for each position is nearly flat and is
either near zero or has some positive gain, corresponding to
times when the spot is outside or inside the receiver FOV. Let
∆t(x, y) be the length of time that the transmit spot is in the
FOV of a receiver at position (x, y) for a single period. Define
the channel duration at point (x, y) as

CT (x, y) = ∆t(x, y)/T.

A blind point is defined as a point in the room for which
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the DSD emitter and collected by receivers in the room. The
entire message can be decoded, with high probability, when
slightly more that k packets are received [18]. LT codes are
related to codes based on graphs. The transmitter packets are
generated by taking the exclusive-OR of a random number of
packets selected uniformly with degree selected by a robust
soliton distribution [18, 19]. At the receiver, it is assumed that
the degree of each packet and its interconnection is known a
priori or is encoded in the header of the packet. Simplified
belief propagation is applied to this graph to decode the
information. The performance of the LT code depends on the
degree distribution, determined by parameters c and δ, as well
as on the packet size k.

The DSD system in the 6×6×3 m room was simulated using
a well-known LT code. The spot path was the circular path of
radius 2.4. m given in Fig. 5(b). A R = 100 Mbps transmitter,
following [10], is assumed and a spot angular speed of
10 Hz which results in a spot motion period T = 0.1 s. A
45◦ FOV, 37 pixel imaging receiver was used with identical
specifications as the one presented in [10]. The receiver is
located at four positions in the room as in Fig. 3. The noise and
transmitted powers for the simulation were set to the values in
[10] to result in BER less than 10−9 for the 100 Mpbs link.

A previously reported LT code with k = 1024, c = 0.05 and
δ = 0.2 was applied to the DSD channel [19]. Because of the
small number of packets, k, this code is highly implementable
and has low decoding complexity. An underlying assumption
of the simulation is that the receiver has sufficient error
detection ability to discard packets which are transmitted on
the FOV boundary or are corrupted by noise. This encoding
is done independently of the LT code in order to achieve
the required BER and could be implemented using a high-
speed cyclic-redundancy check code. The LT code is used to
overcome the time-varying spot position of the DSD channel.
Therefore, a transmitted packet is either completely received
or is lost. Fig. 7 shows the distribution of needed packets for
successful decoding for these parameters. Unlike RS codes, the
rate of this code is not deterministic. As shown in the figure,
on average 1167 packets are required to successfully decode
the 1024 transmitted data packets. Define α as the average
number of received packets required for successful decoding
per message packet. In the case of the code with distribution
presented in Fig. 7, α = 1167/1024 = 1.14.

There are two possible scenarios under which this channel
can be operated depending on whether the receiver is able to
transmit a single bit of feedback to the transmitter. Consider
the case where there is a single receiver in the room which is
able to send a single bit of feedback to the transmitter when
the current message has been correctly decoded. The feedback
can occur via a diffuse optical channel (as in [20]) or using
a low data rate radio channel. The transmitter will continue
sending packets from a given data block until told to stop from
the receiver. The average bit rate for any position in this case
is

Re(x, y) =
CT (x, y)R

α
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Fig. 7: Distribution of packets needed for successful decoding
for k = 1024, c = 0.05, δ = 0.2 over 10000 blocks.

Position CT Rate without feedback Rate with feedback
A 0.4551 12.1 Mbps 40 Mbps
B 0.3516 12.1 Mbps 30.8 Mbps
C 0.2975 12.1 Mbps 26 Mbps
D 0.1523 12.1 Mbps 13.3 Mbps

TABLE III: Achievable rates for 4 positions in room with and
without a 1-bit feedback channel.

where R is the data rate of the transmitter. Table III shows
simulation results for 4 different positions in the room. These
rates are computed for the case that there is only one receiver
in the room in each case.

If there are multiple receivers in the room, each with
feedback, the transmitter will wait for acknowledgment from
all receivers before proceeding to the next data block. Thus,
for a group of receivers in a room, the rate is limited to that
of the receiver with the smallest CT . For example, if there are
receivers at positions B and D in the room then the average
rate for both of them would be 13.3 Mbps.

If the receivers are not able to transmit any feedback, it is
still possible using these codes to transmit data at high bit rates
to any point in the room with high reliability. Let Cmin

T be the
minimum CT over all receivers. In this case, the transmitter
sends a fixed number of packets per data block so that receivers
in channels with a capacity of at least Cmin

T can reliably receive
the transmission with high probability. The packet size is set
to

p =
(Cmin

T TR)
(αk)

so that every receiver with CT bigger than Cmin
T would be able

to decode the whole data in one scan with high probability.
Notice that the rate is independent of this packet size. The
simulated rates are averages available over long term. The
actual rates will fluctuate around this average. In this case, α is
increased by a safety factor β > 1 to decrease the probability
of decoding failure below an acceptable level. Using an
overhead of 10%, i.e., β = 1.1, gives a simulated bit decoding
failure on the order of 10−5. Using Cmin

T = 0.15 and β = 1.1,
the resulting packet size is approximately 1.75 kbits and the
achievable data rate is 12.1 Mbps, as shown in Table III. Notice
that the available rates also depend on the selection of packet
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DIFFUSE MSD DSD

Available Bandwidth Low Medium High
Achievable Bitrate Low Medium High

Transmitter Complexity Low High Medium
Receiver Complexity Low Medium High

TABLE IV: Comparison of DSD, MSD and Diffuse Systems.

size. Using the 85-th percentile CT , Cmin
T = 0.265, the packet

size is 3 kbits and the achievable rate for receivers equal or
above the Cmin

T is 21.1 Mbps. Thus, a rate penalty is paid for
not having a single bit feedback channel from each receiver.
However, with these codes significant rates are still achievable.

IV. CONCLUSIONS AND FUTURE WORK

In this paper, a new configuration for wireless optical
networks is proposed which combines mobility and high bit
rate. Unlike diffuse links where bit rate is limited by multipath
dispersion, DSD channels have a multi-GHz bandwidth. Table
IV compares DSD with MSD and DSD links and shows it to
be complimentary to previously defined architectures.

A DSD link can be built with inexpensive translating mirrors
or a rotating motor. By controlling the motor or mirror
orientation and speed the DSD spot path can be adapted for
individual rooms. This is unlike MSD links which require
computer generated holograms [7] which must be designed
for a specific location and room size. Although the transmitter
design in DSD links is simpler and more flexible than MSD,
DSD links have greater complexity in receiver design due to
the necessity of using erasure correcting codes. We have shown
in this paper that rates of 40 Mbps are possible using DSD
links using only a single spot modulated at 100 Mbps.

The rates of DSD channels can be increased by either
increasing the data rate of the transmitter, R, or increasing
the number of spots following the path on the ceiling. For
example, adding a second spot to the circular path increases
complexity modestly but doubles data rates. Increasing the
modulation rate of the transmitter will increase bit rates and
error rates since the energy per bit is reduced. To compensate,
the wide bandwidth of the DSD channel can be exploited
to yield an optical power gain by trading-off bandwidth
efficiency [21]. Possible modulation schemes include M -PPM
and differential PPM. The DSD channel data rate is not limited
by channel bandwidth but by device bandwidth. A commercial
16-element APD array is available which has about 500 MHz
of bandwidth [22] and laboratory APD arrays have been shown
at 8 GHz bandwidth [23]. For example, using 500 MHz
transceiver with 4-PPM modulation to compensate for SNR
reduction, it is possible to achieve near 400 Mbps rates.

The DSD channel is an attractive configuration for multi-
cast indoor optical wireless networks since it is inexpensive,
flexible and has a high data rate. Current work centers on the
development of low complexity codes to jointly combat noise
and erasure and on the implementation of an experimental
DSD channel.
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