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modulation depth), measured BER vs. data rate. They measured a BER of 107 for a data rate of

100 Mbps, but this rate was achieved at ~10 cm, which is a very distance between the LED source and
receiver, and the received optical power had to be very high, =10.5 dBm. which corresponds to about
0.1 mW. They did not specify whether this received power included the vellow component or
corresponded only to the blue light that penetrated through the filter.

(U) Between 2007 and 2009, a group consisting of personnel from the Franhofer Institute, and
Siemens AG modeled the set-up described in Figure 2.13, and compared different modulation schemes
(Grubor et al. 2007a; Langer and Grubor 2007; Grubor et al. 2008; Vucic et al. 2009a; Vucic et al.
2009b). An interesting observation made in their earliest paper (Grubor et al. 2007a; Langer and Grubor
2007) is that the ISI resulting from multi-path scattering becomes a constant DC background signal when
the LED modulation rate is kept below 98 MHz, and that the ISI from diffcrent line-of-sight paths that
result from using overhead lights that contain LED arrays will have no impact until the modulation rate
nears 200 MHz. When they compared two different modulation schemes—one being baseband M-PAM
(M-ary phase amplitude modulation) and the other being a DMT with M-QAM (quadrature amplitude
modulation)—they calculated that 256-PAM modulation would give a BER of 10 and a data rate of 160
Mbps and the DMT scheme would give the same BER but at a rate of 196 Mbps.

(U) In a later paper, Grubor and co-workers (Grubor et al. 2008) used essentially the same physical
set-up in their model and determined achievable data rates, but this time for higher a BER, specifically 2
x 10~. We note here that a BER this large is unacceptable for communications purposes: nevertheless,
Grubor and co-workers usc it as a critcrion because they assert (Vucic ct al. 2009a) that, as long as the
error rate is kept below this level, it can be improved to an acceptable level by using FEC. The results
showed that data rates of 275 Mbps and 305 Mbps could be achieved using the 256-PAM and DMT
schemes, respectively. It is worthwhile to note that, in both of these papers, Grubor and co-workers
assumed that thcre was no limit to the LED modulation response. This assumption was made because it
made the calculations, which are quite extensive, much simpler and it would lead to only a “slight”
overestimation of results.

(U) Not long after they completed the theoretical studies, the Fraunhofer/Siemens AG group
performed experiments to determine if their research direction was correct. In their first attempt (Vucic et
al. 2009a), they used a commercially available LED luminare containing six white-light (blue/phosphor)
LED chips, collimated the output. and then used a second lens to focus the light onto a receiver that
consisted of a blue-filter, a second concentrating lens, and a large area Si detector. The optical
components were chosen to maintain the illuminance at the receiver at 800 lux, which is what would be
encountered for typical overhead illumination in an indoor environment. This optical set-up also prevents
interference from multi-path scattering (i.e., it is exclusively single line-of-sight). Thev used NRZ-OOK
modulation with an index of 0.35. They measured BER performance as a function of data rate at two link
distances; 0.5 and 5 meters. A BER of 10" was achieved at a data rate of 90 Mbps for the 0.5-m span.
and at a data rate of 80 Mbps for the 5-m span.

(U) In their second set of experiments (Vucic et al. 2009b), they used the same LED source and
receiver, and a single lens was positioned at the output of the source to focus light onto the receiver (so
again this experiment is single line-of-sight). Experiments were done using two brightness levels at the
receiver, 1100 and 550 lux. which was achieved by moving the receiver further from the source. It is
interesting that they give no information on the actual link distances used. They used a discrete-
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(U) Even if it turns out that LED modulation bandwidth issues can be overcome, there are other
issues that will limit overhead SSL VLC adoption. First, the theoretical studies that have modeled light
propagation show that ISI from multiple path scattering limits the data transfer rate to just below
100 Mbps in a small (5 x 5 x 3 m) room. and the transfer rate is lower in larger rooms. This rate needs to
be compared with that obtained using WiFi. which is currently around 54 Mbps but is expected to evolve
to 104 Mbps in the near future (i.e., the new IEEE 802.11n standard). Given comparable data rates, the
VLC community will have to provide the end user further justification to convince them to switch to a
new technology. Three reasons have been provided alreadv. First, VLC uses unregulated bandwidth.
which is a definite advantage. Second. VLC requires less power than WiFi, which may or may not be
true. Third, VLC provides enhanced communicati on security (and reduced link interference) because
light does not penetrate walls. The last reason is not totally valid because light passing through windows
and open doorways can be intercepted easily. It should also be noted that these same reasons have been
used to make the case for developing indoor IR wireless communications, but despite much effort being
devoted to refining this technology and less severe modulation bandwidth limitations of both sources and
detectors, indoor overhead wireless IR has not vet been commercialized, even though the concept for it
has been around since the early 1990s. The simple reason for this is related to eve-safety.

(U) As the early modeling studies by Komine and Nakagawa (2004) showed. the overhead light
communication data rate can, in principle, be increased to the Gbps range by narrowing the receiver field
of view to 5x (i.e., basically creating a simple line-of-sight system that is immune to multiple path ISI).
But this would severely impact the technology’s ease of use because an operator (or an interactive
tracking system) would have to continually adjust the mobile device’s receiver pointing vector every time
he moved. It is unlikely that users would be willing to accept this deficiency when WiFi is relatively
insensitive to small variations in location.

(U) The wireless IR optical communications community has come up with a solution for this
problem, specifically angular diversity receivers (ADRs) that use an array of narrow field-of-view
receiving elements that are pointed in different directions and quasi-diffuse transmitters that use an array
of narrow-beam emitters targeted in different directions (for a good review of both, and the current status
of indoor wireless IR communications research (Green et al. 2008).

(U) In 2000, Carruthers and Kahn (Carruthers and Kahn 2000) demonstrated that a prototype system
using eight narrow-beam transmitters, contained in a unit mounted on the ceiling, and nine narrow field-
of-view (22°) Silicon p-i-n photodiode receivers with ~ -31 dBm sensitivity, mounted on a desk. was
capable of one-way transmission at 70 Mbps over a range of 4.2 m using OOK with a BER of 10®°. The
individual transmitters used in the ceiling unit were Sony SLD302V narrow angle (full width half
maximum (FWHM) angle was 28-degrees), 806-nm IR laser diodes that were run to give 75-mW, fully
modulated average optical power.

(U) In 2005, a multi-institute group headed by O’Brien (O'Brien et al. 2005, O'Brien et al. 2006)
demonstrated that a prototype integrated systcm consisting of a transmitter station that consisted of scven
integrated 968-nm RCLED chips arranged to produce a narrow-angle (12 degrees FWHM), 1.05-mW
beam. and a seven-element hexagonal pitch-arrayed receiver unit with a 15 degree FOV, was capable of
transmitting data at 100 Mbps up to a distance of 50 cm. They did not measure BER but did present a
very clean eye diagram of the system when the distance between the transmitter and receiver was 15 cm.
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3.0 (U) Technology Forecast Analysis

(U) We think that it is unlikely that overhead white-light SSL VLC will be commercialized because
of the cve-safety and infrastructure issues identificd in Scenario 3; therefore, we only consider the
technologies discussed in Scenarios | and 2 in this chapter.

3.1 (U) Future Evolution 1: Short-Range VLC for Wireless P2P
Information Exchange

(U) In the constant war between cell phone and mobile device manufacturers to provide higher
resolution camera sensors in their handsets and more and more games and applications in their devices, it
is not surprising to hear that Sony Ericson plans to introduce a 20 MegaPixel phone in 2012. In addition.
they also claim that the device will be capable of full high-definition video recording and SCG screen
resolution. will run a 1-Ghz CPU, and will be capable of browsing the web at 100 Mbps (Yomogita
2008). Given that other mobile device manufacturers have similar plans, it is not difficult to see how
short-range VLC will become an integral part of mobile device technology in the near future.

(U) As already mentioned. the current ~ 10 to 96 Mbps data-rate capability of short-range VLC using
“standard™ LED chips is competitive with current IrDA, Bluetooth, and NFC technologies, and by using
RCLEDs in the mobile devices, the achievable data rates, ~ 250 Mbps, this wireless technology will far
surpass that offered by WiFi. Given these developmen ts and the potential for short-range VLC to achieve
Gpbs data rates with the introduction of “tilted charge™ visible LEDs, we expect that the transition of this
technology to the commercial market will be rapid.

(U) We showed in Figure 2.3 that Samsung has already demonstrated a 320-Mbps, short-range VLC
in a laboratory prototype. As we show in Figure 3.1, they have also demonstrated a 4-Mbps, PC-PC
visible link using prototype USB adaptors.

(U) We expect short-range P2P VLC will be introduced to the public soon after the IEEE 802.15 TG7
standardization recommendations are adopted. A preliminary vote on the standardization
recommendations is expected to occur in the February/March 2010 time frame. Once the standards
document has been approved. mobile device manufactu rers will no doubt roll out their visions for future
products. Because most cell phones and other mobile devices these days have at least one USB
connection, we expect the first P2P VLC products on the market, probably by 2012, will be in the form of
a USB adaptor, so that the new technology can be used with older devices.
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