


Abstract

Enhanced WLAN Performance with New Spectrum at 60 GHz and Visible Light

by

Sharan Naribole

To enhance the WLAN operation at sub-6 GHz, research has been

directed towards utilizing new spectral bands including millimeter waves

(60 GHz) and visible light spectrum. The 7-14 GHz unlicensed band at 60

GHz can enable multi-gigabit rate applications including live HD video

streaming, virtual reality, etc. Visible light communication (VLC) is a

key emerging energy-efficient communication technology that dual pur-

poses LED-based lighting infrastructure for both illumination and com-

munication. Although both these bands have the potential to enhance

WLAN performance, each of them possesses unique physical properties

that hinder some existing services readily available in sub-6 GHz bands.

First, the strong directionality required at 60 GHz precludes serving all

clients in a multicast group with a single transmission and instead is com-

prised of a sequence of beam-formed transmissions that together cover all

multicast group members. I design, implement, and experimentally eval-

uate scalable directional multicast (SDM) as a technique to address the

challenges imposed by directional communication for a scalable multicast

service at 60 GHz. Second, the wide coverage and relatively high transmit

power realized by the VLC downlink to satisfy the illumination objective

is problematic to realize on the uplink. I design, analyze, and implement



LiRa, a Light-Radio WLAN that fuses light and radio capabilities in an

integrated system design without requiring mobile devices to emit light

or infrared. I design an uplink control channel for LiRa that is Wi-Fi

compliant, has a controllable impact on airtime taken from legacy Wi-Fi

clients, and efficiently scales with increasing VLC user population. Third,

contention-based uplink radio access might lead to significant degradation

in airtime efficiency and energy efficiency as the time spent awake by the

radio is dependent on the network traffic conditions. I design and evalu-

ate LiSCAN, a VLC uni-directional control channel that enables virtual

full-duplex contention-free operation of uplink radio access. My analy-

sis shows that LiSCAN can provide significant improvements in the radio

airtime efficiency, the sessions delivered with pre-defined service quality

requirements and energy savings.
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Chapter 1

Introduction

To enhance the WLANs operating at sub-6 GHz bands, research has been directed

towards utilizing new spectral bands including millimetre waves (60 GHz) and visi-

ble light spectrum. First, unlicensed access in the 7-14 GHz wide band available at

60 GHz has the potential to enable gigabit rate applications [1, 2]. Second, visible

Light Communication (VLC) is a key emerging communication technology that dual

purposes LED-based lighting infrastructure for both illumination and communica-

tion. In particular, ceiling-mounted luminaries can modulate lighting in a manner

unnoticeable to the human eye (i.e., flicker free) for reception at mobile devices fitted

with low-cost photo diodes integrated with their casing surfaces. The proliferation

of VLC-enabled luminaries promises not only support for low-rate IoT applications

[3, 4] but also Gigabit rate wireless networking [5, 6].

Although both these bands have the potential to possess enhance WLAN perfor-

mance, each of them possesses unique physical properties that hinder some existing

services readily available in sub-6 GHz operation. The gigabit rate communication

enabled at 60 GHz [7] makes it ideal for new broadcast scenarios including high-

definition video streaming in hotspots, conferences, smart classrooms and also wireless

3D multi-player gaming [8, 9]. Unfortunately, the increased path loss (over 20 dB) at
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60 GHz severely limits the data rate and range when an omnidirectional broadcast is

performed as in legacy bands. In contrast to 60 GHz communication, VLC has inher-

ent broadcast capability as the AP can broadcast data over multiple LED luminaires.

Unfortunately, the wide coverage and relatively high transmit power realized by the

downlink to satisfy the illumination objective is problematic to realize on the uplink:

even if a mobile client is fitted with infrared LEDs, providing wide aperture long-

range transmission is ill-suited to mobile devices’ form factor and energy constraints

[10, 11]. Hence, the VLC is restricted to a uni-directional downlink channel.

In this thesis, I address the above challenges in 60 GHz and VLC that hinder

services readily available in legacy bands. I design, experiment and evaluate novel

system architectures and protocols to enhance WLANs leveraging the new spectrum

capabilities. The thesis contributions are as follows:

1.1 Scalable Directional Multicast at 60 GHz (SDM)

Because using the widest possible beam at 60 GHz severely limits the data rate and

range, the AP needs to partition the multicast group into multiple subsets and select

an appropriate beam and data rate to serve each subset. Our objective is to maximize

the throughput delivered to multicast groups incorporating the overhead in beam

training and the subsequent selection of the beam group, or group of beams covering

all of the group’s clients for data transmission. Each beam is defined via a multi-

level codebook in which the codebook level corresponds to beamwidth and the codes

within a level span different directions [12, 13]. In particular, we propose Scalable

Directional Multicast (SDM), the first 60 GHz multicast protocol to incorporate

overhead in training and beam grouping, and make the following contributions:

Scalable Training. Beam training enables the AP to obtain per-client per-

beam RSSI measurements for the multicast group members. To ensure that beam
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training only occurs when necessary, SDM precedes each multicast transmission with a

multicast group announcement and a short packet exchange with each client. Training

is only invoked if a group member fails to respond. To limit overhead, we utilize a

tree-based codebook structure that links the beams of different levels based on their

spatial similarity.

In an idealized propagation environment with line of sight (LOS) to the AP for all

codebook entries, one could simply find the strongest beam at each level from client

feedback and use only its children for the next level training. For a general scenario,

SDM’s key strategy is to first perform training at the finest beam level, thus ensuring

every client is reachable and has at least one beam with high directivity gain. Then,

SDM performs a pruned tree traversal up the tree in wider beam levels. For the

pruned set of beams to be used for each level’s training, SDM selects the parents of

the strongest beams of the previous level. In this way, SDM obtains sufficient, but

not exhaustive, training that we will show enables near-optimal beam grouping.

Scalable Beam Grouping. Using the training information, SDM next selects

the beam group. First, we formulate an optimization problem of minimizing the

data sweep time, i.e., the time taken to transmit a fixed number of bits via sequential

generation of the beams in the beam group using the Modulation and Coding Scheme

(MCS) for each beam as determined by the beam training. We show that performing

exhaustive search over all possible combinations of beams and clients incurs overhead

of order O(cK−1N
N
2
+1), where N is the multicast group size, K is the number of levels

and c is the average ratio of beamwidth between two neighboring levels. Second,

we present SDM’s beam grouping algorithm. The key strategy is to begin with an

initial solution consisting of only the finest beams that provide high directivity gain.

Then, when beneficial, SDM iteratively replaces the finest beams with wider beams in

descending order of each wide beam’s improvement ratio over the initial solution. By
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considering only the reachable client subset for each codebook, SDM searches over a

reduced space of order O(KN3) which our experiments show closely track exhaustive

search.

SDM Implementation & Experimental Evaluation. We implement the key

components of SDM in software and use a mechanically steerable 60 GHz RF-frontend

combined with the software-defined radio platform WARP [14] for transmissions and

training. We validate the significance of imperfect codebook traversal in realistic

indoor environments using over-the-air measurements. As a baseline for compari-

son, we consider sequential unicast. Namely, because the IEEE 802.11ad standard

[15, 16] does not define a multicast protocol, providing a multicast service could be

realized via sequential unicast transmissions, i.e., generation of beams directed to

individual clients of the multicast group. While such an approach can provide high

signal strength at the clients, the total transmission time increases linearly with group

size. To assess SDM, we collect training information in a typical indoor conference

room setting for different client locations and codebook trees. Our results show that

SDM consistently outperforms sequential unicast. Moreover, SDM provides over 1.8x

throughput gains with up to 45% reduction in training overhead and 12x reduction

in beam grouping overhead vs. exhaustive search and grouping.

1.2 VLC with Wi-Fi Uplink

Even when a high-speed VLC downlink is available for both unicast and broadcast

services, the key challenge of not having a reliable uplink is still present. To address

this challenge, we make the following contributions:

Light-Radio WLAN (LiRa). We present the design of LiRa, a Light-Radio

WLAN that fuses light and radio links on a frame-by-frame basis at the MAC layer.

Unlike commercial systems [17], LiRa does not require uplink infrared transmission
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by the mobile client, and instead employs a radio uplink, seamlessly integrating with

legacy Wi-Fi. We describe the hardware and software architecture of LiRa along with

the network deployment scenario and protocol stack.

AP-Spoofed Multi-client ARQ. A key challenge of LiRa is realizing a radio

feedback path via Wi-Fi for both acknowledgements of VLC data transmissions to

control ARQ and client transmission of control information such as signal strength

reports, needed for luminary selection and adaptation of modulation and coding

schemes. In legacy Wi-Fi, the ACK is protected by the same NAV that protects the

ACK’s associated data. Thus, a legacy Wi-Fi ACK does not separately compete for

access to the medium and its transmission time is part of the duration-field that spec-

ifies the time for other stations to defer [18]. Due to LiRa’s co-existence with legacy

Wi-Fi, there might be an ongoing transmission in the Wi-Fi channel that prevents a

client from sending feedback immediately after VLC data reception. Consequently,

LiRa cannot employ the 802.11-style two way DATA-ACK handshake for downlink

VLC data as such an approach would incur severe ACK delays, orders of magnitude

greater than SIFS, and would consume excessive resources on the RF network.

Thus, we design AP-Spoofed Multi-client ARQ (ASMA) as a mechanism to min-

imize the impact of VLC control frames on legacy Wi-Fi traffic, while providing

sufficient feedback for the visible light downlink. ASMA relies on three principles:

First, the AP triggers VLC ARQ feedback as opposed to a traditional ACK being

triggered by the reception of a certain number of bytes or frames (ACK and block

ACK respectively). Moreover, VLC ARQ feedback information is opportunistically

aggregated up to the time of the trigger. Second, we spoof the AP’s 802.11-compliant

trigger message with a sufficient NAV duration (time commanding other stations

to defer) to enable multiple clients to transmit feedback. To avoid each of those

clients independently contending, we equip the trigger message with a transmission
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order such that the clients can sequentially transmit during the protected NAV time.

Third, the AP contends to transmit the trigger command after a configurable feed-

back trigger time which can be set to balance feedback responsiveness with airtime

used in legacy Wi-Fi.

LiRa Implementation and Evaluation. We implement LiRa and ASMA on a

software defined radio [19] and perform an extensive set of experiments using a mix of

LiRa components and commercial systems as baselines. By employing Wi-Fi for the

uplink, LiRa’s uplink is not subject to rotational outages. For comparison, we perform

measurements of uplink coverage using a state-of-the-art commercial system [17] and

show that its infrared uplink is subject to deep rotational fades yielding zero through-

put with rotation beyond±15incomparisontoperfectalignment.While[17]isintendedfordesktopratherthanmobilecoverage, extendinguplinkinfraredcoverageto

would require a bulky array of infrared LEDs. Next, we evaluate ASMA’s ability to

obtain channel access in a busy Wi-Fi environment and evaluate the impact of the

feedback control channel on fully backlogged Wi-Fi traffic. As a baseline, we imple-

ment a feedback control channel termed Per-Client-Contention (PCC) in which each

VLC client must independently transmit its feedback via encapsulated Wi-Fi. We

collect over-the-air measurements of the feedback delay and find that in a typical

WLAN scenario, ASMA reduces response delay by a factor of 15 compared to PCC

and reduces the impact of feedback messages on legacy Wi-Fi throughput from an

excessive value of 74% for PCC to 3% for ASMA.

1.3 VLC Uni-directional Control Channel

Sensors have becoming a leading solution in many important applications such as

industrial automation, smart buildings, telemedicine, etc. A Wireless Sensor Network

(WSN) typically consists of a large number of small, low-cost sensor nodes distributed

in the target area for collecting data of interest. The data flow in such networks is
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mainly in the uplink direction from the sensors to the AP. These sensors are often

powered with batteries, therefore energy-efficiency is extremely important. To reduce

the energy consumption, the key idea of numerous power management mechanisms

used in existing works is based on alternating the sensor between two states: awake

and sleep. As illustrated in the Figure 1.1, the radio is turned on only when there

is backlogged traffic at the sensor. There are ongoing transmissions on the radio

band and the yellow arrow represents the timestamp at which the sensors queue

got a new data frame for transmission. Accordingly, the sensor takes part in the

contention-process and transmits its data as shown by the green data frame. After

the transmission, the radio can be turned off. Due to the contention process, the

time for which sensor is awake is dependent on the network traffic conditions. This

uncontrollable access delay might also lead to failed QoS requirements for sensors

related to safety e.g., alarms, gas leak detection, etc.. Moreover, as the radio is

turned on for the duration of access delay, significant energy would be consumed

from the sensor during this period.

In an ideal scenario, the AP has perfect knowledge of when the sensors would

generate traffic. In such a scenario, the AP can trigger[20] a sensor to turn on its

radio only when the sensor has backlogged traffic and transmit immediately without

contention. The trigger message can be achieved by a low-power radio on the sensor

which can then wake up the primary radio for the data transmission. In this manner,

the sensor can save its energy which was previously consumed by the contention-based

access. Unfortunately, the sensor data generation might be bursty and the AP lacks

the traffic information about each sensor [21, 22]. : (a) whether it is backlogged and

(b) if it is backlogged, what is the size of backlogged data. Therefore, transmitting

a trigger message does not guarantee a data transmission in the uplink as the sensor

might not have any backlogged data. And instead, such control triggers to hundreds
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Figure 1.1: Radio awake time on sensor.

of sensors might consume significant airtime over the radio band. This inefficiency

increases for bursty traffic and with increase in sensor size.

In this paper, our objective is to maximize the throughput delivered to the AP

incorporating the channel access delay and the radio energy consumption. We define

this access overhead as the radio airtime spent idly without data or corresponding

acknowledgement transmissions. To achieve the objective, we propose LiSCAN, a

visible light communication (VLC) uni-directional control channel for contention-free

uplink radio access and make the following contributions:

VLC Uni-Directional Control Channel for Concurrent Transmissions.

Our key strategy for reducing the access delay and energy consumption is to transfer

the AP’s polling to an out-of-band channel. In such a system, the AP doesn’t need

an ongoing uplink data transmission over radio to end before transmitting poll to

next sensor in schedule. Moreover, the AP’s radio module can be turned on only for

the data transmission. Due to the severe spectrum scarcity in Wi-Fi bands [23, 24],

sensors’ antenna, and power limitations [25], utilizing an additional radio channel

exclusively for polling control becomes infeasible. In contrast, LiSCAN utilizes VLC

for uni-directional out-of-band control. First, VLC is well-suited for energy-efficient

operation by dual purposing LED-based lighting infrastructure for both illumination
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and communication. In particular, ceiling-mounted luminaries can modulate lighting

in a manner unnoticeable to the human eye (i.e., flicker free) for reception at sensors

fitted with low-power wake-up VLC receivers that consume negligible power in the

order of tens of microwatt [26, 27]. Second, the wide coverage and relatively high

transmit power realized by the VLC downlink to satisfy the illumination objective is

problematic to realize on the uplink: even if a sensor is fitted with infrared LEDs,

providing wide aperture long-range transmission is ill-suited to sensors’ form factor

and energy constraints [10, 11]. Therefore, in LiSCAN, the sensors transmits any

backlogged data over radio leading to a uni-directional polling system wherein polls

are transmitted over VLC and data is transmitted over radio.

We integrate the VLC and radio bands at the MAC layer [20] to enable concurrent

near-zero latency communication across the two bands. Similar to 802.11 PCF, in

LiSCAN, the AP begins contention-free period by gaining access to both RF and

VLC channels. To enable simultaneous poll transmission and data reception at the

AP, in LiSCAN, the AP exclusively transmits polls over VLC (light-poll) and is in

receive mode (RX) over radio. To minimize the airtime lost in RF while transmitting

light-poll to first sensor in schedule, our key strategy is to align both transmissions

such that light-poll to first sensor in schedule ends SIFS duration after the end of

CFP start beacon.

Pipelined Polling for Overhead Minimization. In 802.11 PCF, a significant

part of the polling overhead includes the airtime spent in poll transmission and wait

time during which no other transmission is allowed to take place (81.8%). To minimize

this overhead, first, we transmit light-poll for next sensor immediately after polling

the current sensor. To avoid collisions arising out of data transmissions from multiple

sensors, LiSCAN simply aborts transmission of the ongoing light-poll for next sensor

upon AP’s detection of data transmission from the current sensor. Second, after a
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successful reception of a data frame, the AP transmits the ACK over VLC instead of

radio to eliminate the overhead from the AP’s radio switching from receive to transmit

mode and back. Third, if the light-poll to next sensor in schedule was aborted due

to an ongoing data transmission, our goal is to minimize the radio airtime spent idly

during the retransmission of this light-poll. We achieve this objective by aligning the

end of light-poll retransmission with the AP’s ACK transmission.

Pre-emptive Interference Avoidance. In 802.11 PCF, when the AP doesn’t

detect an uplink data transmission due to channel fading/interference, it continues

transmitting polls based on the schedule. This might lead to severe performance

degradation and radio airtime lost due to collisions at the AP. In LiSCAN, when AP

doesn’t detect an uplink data transmisison, it fully transmits the light-poll to next

sensor in schedule without abortion. To avoid collisions at the AP, upon hearing the

light-poll to next sensor, the sensor currently transmitting data will abort its ongoing

transmisssion. In this manner, LiSCAN reduces the airtime spent in collisions at the

AP.

LiScan Experimental Evaluation. We implement LiSCAN in ns-3 network

simulator and analyze LiSCAN’s performance under varying traffic conditions includ-

ing varying sensor sizes and bursty traffic parameters. Our key metrics for analysis in-

clude the radio airtime overhead, throughput and channel access delay (delay between

packet generation at sensor and corresponding over-the-air uplink transmission). For

the sake of equity and fairness, we compare LiSCAN and alternative strategies under

the same network conditions.



Chapter 2

SDM: Scalable Directional Multicast in

Highly-Directional 60 GHz WLANs

2.1 Design Overview

In this section, we present an overview of SDM’s design. First, we discuss the network

model considered in this paper. Second, we describe the beam group quality test

conducted by SDM to test whether training is necessary. Third, we describe the

training period conducted by SDM to update clients’ signal strength information if

the beam group quality test fails. Lastly, we describe the beam grouping for data

transmission using the training information.

2.1.1 Network Model

We consider a highly directional environment in which both the AP and the clients

are equipped with antenna arrays capable of generating a fixed set of transmission

and reception beams of different beamwidths [28]. This fixed set of beams is defined

by a codebook in which each beam corresponds to a particular entry in the codebook

including a combination of weights assigned to the antenna elements. We can adjust
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Figure 2.1: (a) An indoor conference room scenario where multicast group 1 compris-
ing of clients A, B and C wins the contention and the AP selects two beams for the
data transmission. (b) The different stages of our multicast timeline model for the
scenario considered in (a).

beamwidth and steer the beam using discrete phase shifts of the antenna weights

[13, 12]. We consider that each antenna array utilizes a single RF chain and can

generate only a single beam at a time [29]. Most state-of-the-art 60 GHz systems

employ a single RF chain [30] and at most 2 RF chains for the entire antenna array

[31, 32, 33]. This is inspite of a possibly increased number of antennas in comparison

to legacy MIMO systems. The key reason for limited RF-chains is the increased power

consumption arising out of operating over a multi-GHz bandwidth channel. This RF

chain limitation prevents the simultaneous transmission of finest beams each directed

at a different client in a MIMO fashion for multicast service.

We consider a network with unicast clients and multiple multicast groups, with

each group comprising of multiple clients. For example, a multicast group could rep-

resent a particular TV content. When the clients request multicast service either

during the association phase or as a separate request, we place the client in the corre-

sponding multicast group and inform the client about its group number. Otherwise,

we list it as a unicast client. In Fig.2.1(a), clients A, B and C are in multicast group

1, clients D and E are in multicast group 2 and clients F and G are unicast clients.
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Like 802.11, a multicast transmission begins with a group announcement when the

AP wins contention to serve a multicast group (group 1 in Fig. 2.1(b)). Next, we

describe the SDM’s functioning in the different stages of the timeline.

SDM comes into effect once the AP wins the contention for a multicast group.

The control and data frames transmitted during multicast TXOP as shown in Fig.

1(b) will include a NAV to defer clients not part of this multicast group from taking

part in contention. In this manner, SDM can be integrated with 802.11ad operation.

2.1.2 Beam Group Quality Test

Except for the first transmission, a beam group will have previously been established

for the prior transmission. If there was negligible client and environmental mobility

since the last transmission, the same beam group can be used again for the current

data transmission without performing any beam training nor a new beam grouping.

Because the AP is oblivious to such mobility, to learn if the existing beam group can

be used or not, SDM tests the existing beam group via transmitting a short data

packet on each beam using its corresponding data rate as shown in Figure 2.1(b). In

these packets, SDM includes information about the multicast group selected for data

transmission and a pre-assigned order for clients to send ACKs.

If the AP receives an ACK from every client of the multicast group, then SDM uses

the existing beam group. However, if this test fails, SDM will find a new beam group.

In Figure 2.1(b), the AP fails to receive an ACK from client C and consequently SDM

invokes beam training.

2.1.3 Training Period

If the beam group quality test fails, SDM conducts training that provides it with

the clients’ latest signal strength information for the AP’s different beams. In order
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to provide the AP with latest signal strength information for finding the best beam

group, we consider every client in the multicast group takes part in the training even

if a client successfully receives the beam group quality test packet. Alternatively, a

network controller can invoke only the clients that fail the beam group quality test to

participate in training. The key concept of training is that the AP transmits a beacon

at the base rate (MCS 0 in [34]) using a particular beam from the codebook followed

by a feedback packet from every client consisting of the received power measure of

the transmitted beacon. Because different beams correspond to different levels, SDM

conducts the training of each level separately. For simplicity, two-level training is

illustrated by the wide beam training and fine beam training in Fig. 2.1(b). The

training beacons include information about the multicast group selected for data

transmission and the time the clients outside the multicast group should defer.

To limit feedback overhead, the AP transmits beacons with all selected beams

of a particular level before receiving feedback from each client. A client’s feedback

includes the received power measures for the different beams. Although a beacon

might be detected at the client as it is transmitted at the base rate, the power measure

might be lower than the minimum required for a data transmission (MCS 1 in [34]).

To minimize collisions, SDM pre-assigns the feedback order and this information is

included in the training beacons. We consider the AP to be in quasi-omni reception

mode during the feedback period.

If a client requests for both unicast and multicast services, it is possible that the

AP serves the client with different beams for both the services. This is because the

finest level beam would be used for the unicast service to provide the highest data

rate to the client. In contrast, for the multicast service, SDM might use a wider beam

to serve this client if this wider beam can also serve other client(s) and improve the

multicast performance. In terms of overhead, the feedback obtained from client in
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finest level beam training in SDM can be used to select the optimal beam for future

unicast transmissions to the client and vice versa. This leads to a overall reduction

in the training overhead.

2.1.4 Beam Group Selection and Data Transmission

Given the training information, SDM next finds the beam group to be used for data

transmission. Each beam is defined by its codebook entry, the clients that it serves

and the data rate used for transmission. This leads to a sequential generation of

beams one after the other which we define as a data sweep. As the AP sends the

same data for all beams in the beam group, a client receiving the same packet via

more than one beam doesn’t increase its throughput. The data sweep consists of only

data transmission and no control overhead. As the AP takes part in contention for

data transmission to this multicast group, we consider the AP has fully backlogged

traffic for the duration of transmission opportunity. We consider that the AP can

sweep multiple times during the transmission opportunity (TXOP) period analogous

to frame aggregation in unicast communication. Fig. 2.1(b), depicts two data sweeps

during the data transmission period. As many clients might be served by the multicast

data transmission, we consider the TXOP to begin after the beam grouping selection

by the AP. Alternatively, a network controller might include the beam group quality

test, beam training and beam grouping computation within the TXOP duration.

However, that might lead to a significantly reduced airtime for the data transmission.

Acknowledgements of data reception from every client in a multicast group might

lead to significant control overhead especially in large group sizes. This is because

ACKs need to be sent in a scheduled manner to avoid collisions at the AP and this is

to be performed for multiple data sweeps in a single data transmission. To eliminate

this control overhead, SDM doesn’t include any ACKs from the clients during the
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multicast data transmission. The AP selects the highest MCS for each beam such

that every client served by the beam receives the data reliably. If a client is mobile,

then the beam group quality test in SDM would fail for that client the next time AP

wins contention for transmission to the clients multicast group. This would lead to

re-training and selection of a new beam for the mobile client before the next data

transmission period thereby addressing mobility. Additionally, existing beamwidth

and rata adaptation protocols [35, 36] for unicast mobility can be applied on top of

SDM to address mobility of high mobile clients.

2.2 Scalable Multicast Training

In this section, we firstly introduce the concept of multi-level codebook-based beam-

forming and the codebook tree architecture as a useful means to reduce the training

overhead. Secondly, we describe the training strategy that minimizes overhead in

ideal indoor environments followed by its challenges in a general setting. To address

these challenges, we present SDM’s training protocol.

2.2.1 Multi-level codebook-based beamforming

As discussed in Section 2.1, we consider the AP and the clients are equipped with

antenna arrays capable of generating a fixed set of beams of discrete beamwidths.

In Fig. 2.1(b), the AP uses two levels of transmission beamwidth indicated by wide

beam and fine beam. In general, we consider a multi-level codebook at the AP of

K levels of beamwidth such that at each level, the beams are uniformly spread out

360◦ around the AP. We consider the AP and clients are operating at the maximum

transmission power as defined by the IEEE 802.11ad standard [16] and the range

achieved by a beam pattern is dependent on the directivity of the main lobe. For
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multicast, multiple beamwidth levels provide flexibility in selection of a beam used to

serve multiple clients simultaneously in order to reduce the total transmission time.

Beamwidth decreases with increasing codebook level with the 1st level representing

the widest beams. If φ(k) represents the beamwidth in radians of the beam in the

kth level codebook, the number of beams M(k) at kth level is given by ⌈ 2π
φ(k)
⌉.

Exhaustive training that would require every beam in the entire codebook for

sending the training beacons has overhead O(KN + yK), where y represents the

average ratio of the number of beams of two neighboring beamwidth levels. This

overhead would have a significant impact on multicast throughput scalability. Next,

we show how the codebook tree architecture can be used to reduce training overhead.

2.2.2 Codebook Trees for Partial Traversal

To scale group size with limited training overhead, we leverage the clients’ feedback

information after each codebook level training to select only a partial set of beams to

be used in the next level training. We need to establish a relationship between the

beams or codebook entries of different levels. As the number of codes increases with

codebook level, we establish an edge between beam p of level k to the set of beams in

level k + 1, each of which has the highest spatial correlation with p in comparison to

any other beam of level k. The formation of such a graph results in a tree structure

termed a codebook tree [12, 13]. Fig. 2.2 shows an example codebook tree construction

in which beam ψA of level k has beam ψB of level k + 1 as its child in the codebook

tree.

To obtain such a relationship, for every beam, we initially find the array form for

every directions among a discrete set of directions around the AP (Equation 2.1(a)).

Then, an array form vector is constructed for every beam (Equation 2.1(b)). For a

beam in level k + 1, the correlation of its array form vector is computed with that
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Figure 2.2: An example codebook tree construction.

of every beam in level k (Equation 2.1(c)). We select the beam in level k with the

highest correlation as its parent in the codebook tree.

AF (ψ, θ) =
U
∑

u=1

w(u)ej2π/λ(u−1)dcos(θ) (2.1a)

G(ψ) = [AF (ψ, 0), ..., AF (ψ, 2π − 360/2π)]T (2.1b)

Correlation = |G(ψA)
HG(ψB)| (2.1c)

Basic Traversal. Firstly, we define a client to be reachable at level k if there

exists at least one beam used for training in that level such that its received power

measure is greater than or equal to the minimum required for data transmission (MCS

1 in [34]). We define this beam as the primary beam at level k for this client. A basic

traversal of the codebook tree represents the network state in which every client is

reachable at all levels and the primary beam of any level is a child of the primary

beam of the previous wider level.

In the basic traversal, the key strategy is to, at each level, find the union set of

beams that provided the strongest beacon to the clients. Then, we use only their
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children in the codebook tree for the next finer level training. An example of basic

traversal is illustrated for a three level codebook tree in Fig. 2.3. The training begins

with the widest beams all of which are used for sending beacons. From the next level

onwards, we select a partial set of beams based on the client’s feedback information.

AP AP AP

Level 1 Level 2 Level 3

Figure 2.3: A basic traversal.

Challenges in Real Environments. There are two main challenges that exist

in realistic indoor environments that make the basic traversal fall back to exhaustive

training.

(i) Unreachability: A client’s distance from the AP might be such that it is un-

reachable at a wider beamwidth level training due to the reduced directivity gain. In

this case, none of the beams of this level can be used for serving data to this client.

As there is no primary beam obtained for a client in a wider codebook level, the

AP can’t select a pruned set of beams for finer level training in order to reduce the

training overhead.

(ii) Non-monotonicity: The codebook tree might be fixed for the AP’s antenna

array and is independent of the environment the AP is deployed. Due to presence

of temporary reflectors and blockage elements in the environment, if a client that

was reachable at a finer level through a non line-of–sight (NLOS) path might be

unreachable at a wider level or vice-versa. Moreover, although the codebook tree

forms edges between beams across adjacent levels still the crest of a wide beam can
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Figure 2.4: Imperfect codebook traversal.

correspond to the trough of a wide beam and vice versa as illustrated in Figure 2.4.

Using over-the-air measurements collected using our 60 GHz testbed, we validate the

significance of this challenge in typical conference room environments (Section 2.4).

In the worst case, both of the above challenges lead to the AP falling back to

the exhaustive training which has significant overhead. To address the scalability of

training with the presence of the above challenges in realistic indoor settings, we next

present SDM’s training protocol.

2.2.3 SDM’s Training Protocol

The key concepts of SDM’s training protocol are as follows:

(i) Descending order Traversal: Due to the high directivity gain provided by the

beams of the finest beam level, every client is reachable by at least one of those

beams. Otherwise, the client wouldn’t be able to associate with the AP. Transmis-

sion via only finest level beams represents a sequential unicast beam grouping. If we

performed an ascending order traversal, as in the basic traversal, then only a partial
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set of beams might be used in the finest level training leading to incomplete informa-

tion in comparison to an exhaustive approach or a strategy in which only the finest

level is trained. Thus, an only-finest-beams solution using ascending order traversal

information might be worse than alternative approaches.

In contrast, with descending order traversal, as we begin with training for all

finest beams, we ensure any beam grouping algorithm would generate at least the

sequential unicast solution. Therefore, SDM’s key strategy is to perform descending

order traversal. SDM selects the parents of the primary beams found for the clients

in a codebook level training as the beams to be used for the next lower level and

wider beam level training.

If a client cannot be reached by the AP using any of the finest level beams,

that means the client’s beam is severely misaligned or suffering from severe blockage.

In such scenarios, we assume the client side beam adaptation follows the 802.11ad

standard procedure wherein the Beacon Header Interval period is used for sector

level sweep between the AP and the client. In general, all the clients that request for

services adapt their beams in the Beacon Header Interval period.

(ii) Sibling training: If any client reachable in the previous level training is found

to be unreachable in the current level training, SDM performs additional training in

this level. Ideally, for each client that was reachable in the previous level, the parent

of its primary beam in the previous level should be the primary beam in the current

codebook level. However, if it is not, we include in the additional training the sibling

of the expected ideal beam for each unreachable client if this beam wasn’t already

used in the initial training. Similar to the initial training, the AP sends a beacon

using each selected beam for the additional training except that the feedback period

has only the unreachable clients provide the feedback.

If a client is not reachable even after this additional training, we do not consider
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Figure 2.5: SDM’s sibling training to address non-monotonicity.

this client in selecting the set of beams for the next level training. In the worst

case, this client might not be reachable in the training of any of the remaining levels.

However, as this client was reachable in the finest beam level in which all beams were

used for training, there exists at least one beam that can be used for data transmission

to serve each client.

An example of SDM’s traversal is illustrated for a single client in Fig 2.5 in which

the client that was reachable by a finest level beam through a NLOS path was found

to be unreachable by its parent beam in the neighboring wide beam level. Then,

additional training utilizing the sibling is performed before proceeding to the wider

beam levels. At the end of training period, for each client we have a 2-dimensional

training vector of all beams used in the training and their corresponding power mea-

sures. In the next section, we describe how the beam group is selected using this

training information.
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2.3 Scalable Multicast Beam Grouping

Using the training information, we next select the beam group for data transmission

as shown in Fig. 2.1(b). First, we formulate an optimization problem of minimizing

the data sweep time. Secondly, we present SDM’s beam grouping algorithm. Table

2.1 provides a comprehensive list of notations used in this section.

2.3.1 Problem Formulation

The training information consists of each client c’s training vector that maps a beam

ψ(i, j) to its corresponding power measure P (i, j, c). For beams not used in the

training or not reachable at the client, the power measure is zero watts. As discussed

in Section 2.1, the data transmission occurs in a sweep of the selected beams with

each beam transmitting the same data and the total time of a sweep is called the

data sweep time. SDM’s objective of beam group selection is to minimize this data

sweep time.

As we send the same data from each selected beam, a client receiving the same

packet from more than one beam doesn’t increase its throughput. Therefore, we need

to judiciously find S(i, j), the set of clients to be served by a beam ψ(i, j) in the final

beam group so that none of the clients in this set are also assigned to another beam

in the beam group. As each client is assigned to a single beam, the number of beams

in the optimal beam group ranges from one beam to at most N beams where N is the

number of clients. The client assignment determines the data rate R(i, j) that can

be used by the beam for successful reception at its serving clients. Mathematically,

we select the data rate by
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R(i, j) = MCS
(

min
c∈S(i,j)

P (i, j, c)
)

, (2.2)

where MCS() outputs the highest data rate that can be used for transmission

given the power measure. For determining which client is best served by which beam,

for each ψ(i, j), we find the set of clients Cth(i, j) ∈ U that have a power measure

greater than Pmin, the minimum required for data transmission (MCS 1).

U set of multicast group clients
N number of clients ∈ U

K number of levels
ψ(i, j) ith beam in jth level
P (i, j, c) power measure of client c for ψ(i, j)
Cth(i, j) {c | P (i, j, c) ≥ Pmin}
S(i, j) clients ∈ U assigned to be served by ψ(i, j)
R(i, j) data rate selected from 802.11ad MCS table for ψ(i, j)

for successful reception at clients ∈ S(i, j)
B Beam group for data transmission
B number of beams in a beam group
I initial solution beam group solution using only finest beams
T (G) Data sweep time of beam group G
WIR(G) WIR of a set of wide beams G when finest

beams serve clients not served by beams ∈ G
CW clients served by wide beams in a beam group selection

Table 2.1: Description of notations used in the problem formulation and algorithms
description

Let B = {
(

ψ(i1, j1), S(i1, j1)
)

, ...,
(

ψ(iB, jB), S(iB, jB)
)

} be a beam group com-

posed of B beams. We express the optimization problem as follows:

min
B,i1,...,iB ,j1,...,jB ,S(i1,j1),...,S(iB ,jB)

B
∑

b=1

1

R(ib, jb)
(2.3a)

s.t.
B
⋃

b=1

S(ib, jb) = U (2.3b)
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S(ib, jb) ⊆ Cth(ib, jb), 1 ≤ b ≤ B. (2.3c)

Equation 2.3(a) represents the cost function of the optimization proportional to

the data sweep time with the search space being the beams in the codebook and

corresponding client assignment to each beam. Equation 2.3(b) ensures each client in

the multicast group is assigned to at least one beam that serves it. Equation 2.3(c)

ensures that each client assigned to a beam received a power measure > Pmin from

this beam during beam training.

2.3.2 SDM’s Beam Grouping Algorithm

Here, we describe the key steps of SDM’s beam grouping algorithm.

1. Initial Solution: Using the training information, we begin with an initial

solution composed of only finest level beams representing a sequential unicast solution.

For simplicity of explanation, we assume each client is served by a distinct finest beam

although our analysis is applicable to a more general setting. Let this initial solution

be denoted by I = {
(

ψ(i1, K), c1
)

, ...,
(

ψ(iN , K), cN
)

} consisting of N beams of the

finest level K and c1, ..., cN represent the clients.

We observe that I will not be the best solution if there exists at least one beam

ψ(i∗, j∗) with a client assignment S(i∗, j∗) such that

1

R(i∗, j∗)
<

N∗
∑

b=1

1

R(ib, K)
, (2.4)

where for simplicity we consider S(i∗, j∗) corresponds to the clients served by the

first N∗ beams ∈ I. Equation (2.4) means that the transmission time using ψ(i∗, j∗)

for clients ∈ S(i∗, j∗) is smaller than serving them with the finest beams. In a general
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scenario, Equation (2.4) could be satisfied for multiple such client assignments which

are a subset of Cth(i
∗, j∗) for the same beam and multiple of such beams could exist.

2. Wide Beam Improvement Ratio and Hashmap: To obtain the best so-

lution, we need to exhaustively traverse every combination of a wide beam (any beam

not belonging to the finest codebook level) and its client assignment. Unfortunately,

this exhaustive search has a significant overhead because we consider every combina-

tion of every wide beam in the codebook and every possible client assignment out of

the clients in the multicast group. The number of wide beams in the codebook tree is

order O(cK−1). The total number of client assignments for a given wide beam is order

O(N
N
2 ) and WIR computation for every combination of wide beam and client assign-

ment is order O(N). Overall, the complexity of exhaustive wide beam search results

in the order O
(

yK−1N
N
2
+1
)

, where y represents the average ratio of the number of

beams of two neighboring beamwidth levels.

To overcome this infeasible overhead, SDM’s key strategy is to have a unique client

assignment for each wide beam. SDM utilizes only the client set Cth(i, j) of a beam

ψ(i, j) as its client assignment. By selecting Cth(i, j) for the client assignment, we are

allowing this pattern to serve every client that it reached in training thereby reducing

the total number of beams in the beam group. We identify every beam ψ(i∗, j∗)

that improves upon I when this is the only beam added to I along with removal of

finest beams that were serving clients ∈ Cth(i
∗, j∗). Let this modified beam group

be denoted by B
∗. To rank all such beams in order of their improvement over I, we

define the metric wide beam improvement ratio (WIR) expressed mathematically as

WIR
(

{ψ(i∗, j∗)}
)

=
T (I)

T (B∗)
(2.5)

where T (x) is the data sweep time of beam group x. SDM stores the information in
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an initially empty hashmap that takes WIR
(

{ψ(i∗, j∗)}
)

as the value and
(

ψ(i∗, j∗)
)

as its key. SDM utilizes separate chaining technique [37] to store multiple values

having the same key. After complete traversal of the codebook tree using the training

information, SDM obtains a hashmap of wide beams that can improve the data sweep

time.

If the hashmap is empty at the end of this step, then there exists no wide beam

that can improve upon the initial solution of only finest beams. In that case, the

sequential unicast is the best solution based on the training information provided

and SDM terminates the algorithm.

3. Beam Group Selection: In this step, SDM finds the final beam group

solution in an iterative manner. The initial solution is the only finest beams solution.

SDM initializes an empty set CW , that represents the clients served by wider beams.

In each iteration, SDM’s key strategy is to select the key from the hashmap with the

largest WIR as it corresponds to the maximum improvement possible over the initial

solution. SDM adds the corresponding beam ψ(i, j) to the final beam group solution

and the clients ∈ Cth(i, j) to CW .

As the clients newly added to CW need not be served by any other beam, we delete

every key from the hashmap that has any client ∈ CW as a part of the corresponding

beam’s client assignment. Also, we remove the finest beams serving clients ∈ CW from

our beam group solution. Thus, every beam added to the final beam group solution

is serving a different client subset. The iterative mechanism terminates when every

client of the multicast group is part of CW or if the hashmap becomes empty due

to the key deletion after each iteration. If any client is absent from CW after this

iterative procedure, then we serve such clients using the finest beams still present in

the solution since the first iteration. In this manner, SDM finds the beam group for

data transmission.
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SDM’s final beam group might be composed of a mixture of wide beams and finest

beams based on the training information provided. Let SDM’s beam group solution

be composed of a set of Z wide beams defined by G = {
(

ψ(i1, j1)
)

, ...,
(

ψ(iZ , jZ)
)

}

along with finest beams serving the clients not served by the wide beams. Then, we

derive (Appendix A) the resultant WIR of this beam group to be

WIR(G∗) =
1

(

∑Z
a=1

1

WIR
(

{ψ(ia,ja)}
)

)

− (Z − 1)

(2.6)

4. Complexity. SDM’s initial solution computation is order O(N2) involv-

ing finding the clients served by the same finest beam followed by data rate selection.

Next, using SDM’s training information, the number of wide beams traversed is order

O(KN). For each wide beam, finding the unique client assignment (O(N)) followed

by calculation of WIR (O(N)) thus amounting to O(N2) complexity. Therefore, the

complexity of wide beam search using SDM is order O(KN3). Hash map traversal

in Step 3 of SDM’s beam grouping after each iteration involves testing whether the

new beam has in its client assignment any client that is already served. This pro-

cedure amounts to overhead of order O(KN4). Once a valid beam is found during

an iteration, adding it to the beam group and selecting its data rate involves order

O(N) complexity. Therefore, the time complexity of SDM’s beam grouping is order

O(KN4).

In this manner, SDM provides an efficient beam group based on the training

information. Next, we describe our implementation of SDM and the data collection

from a typical 60 GHz indoor scenario.
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2.4 SDM Implementation and Data Collection

We implement SDM and perform over-the-air data collection to evaluate its key com-

ponents. In this section, first, we describe the implementation of the 60 GHz system.

Second, we describe the methodology of data collection. Last, we analyze the mono-

tonicity of the codebook tree traversal using our collected measurements.

2.4.1 SDM Implementation

Our SDM implementation consists of one set of transmitter and receiver modules

that are capable of communicating in the 57-64 GHz unlicensed band with up to 1.8

GHz modulation bandwidth via the VubIQ platform [38]. These modules accept and

output I/Q baseband signals. For this paper, we use the transmitter module as the

AP and the receiver module as the client. In order to streamline the measurement

process, we integrate these modules with two WARP v1 boards according to the flow

outlined in Figure 2.6(a).

One computer running MATLAB, WARP-Lab [39], and the VubIQ control panels

control the entire system. Using WARPLab, we generate a random set of binary data

and modulate it using BPSK with a modulation bandwidth of 10 MHz (WARP v1

is capable of a transmission bandwidth of up to 20 MHz with a sampling rate of 40

MSps). WARPLab then sends the digital samples to the AP, where the WARP analog

daughtercard converts these samples into single-ended analog I/Q signals. These

signals are passed to an evaluation board with the ADL5565 differential amplifier

[40], which removes the analog daughtercard’s DC offset and converts the single-

ended signals into differential signals. This differential I/Q is then passed to the

AP’s VubIQ module where it is upconverted to 60 GHz for over-the-air transmission.

The client’s VubIQ module then receives this transmission and downconverts it back

to analog I/Q baseband. We pass the differential signal to an off-the-shelf 15 MHz
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Figure 2.6: (a) 60 GHz system signal and control flow. (b) Map of the room used for
data collection.

low pass filter (LT6600-15) to clean up the baseband signal. These signals are then

sampled to by the client’s WARP board and processed/demodulated in WARPLab.

Directional transmission and reception is achieved by using MI-WAVE’s WR-15 60

GHz gain horns. To emulate the different beamwidth levels in a codebook tree, we use

7 degrees, 20 degrees, and 80 degrees gain (antenna) horns. To collect received power

measures at different client locations and for different receive antenna orientations,

we use a mechanical motor, DC microstep driver and a commercial motion control

setup [41] to steer the beams with sub-degree accuracy.

We implement an 60 GHz WLAN trace-driven emulator that is fed the over-the-air

signal strength traces as inputs. Parameters and frame times are incorporated from

the 802.11ad standard. We use the Single Carrier (SC)-PHY (MCS 1-12) defined in

802.11ad MCS table which is the only modulation in the first generation of chip sets.

2.4.2 Data Collection

Depending upon the client’s location and the objects in the environment, the client

might not be reachable from the AP for a particular codebook level. Even if the

client is reachable, then its primary beam for this codebook level will vary with it’s

location and the reception path could either be a LOS or NLOS path. Using our 60
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GHz system, we collect signal measures for a rich topology of client distributions in

an indoor conference room setting illustrated in Figure 2.6(b). As we are interested in

capturing the signal strength variations with separation distance and beam misalign-

ment for different beamwidth levels, the 20 MHz signal bandwidth provided by the

WARP is sufficient. This is because the frequency diversity of the 2 GHz channel at

60 GHz impacts the signal strength in the same manner for the different beamwidth

levels.The room is composed of different reflectors including a white board, large TV

screen and glass windows.

We fix the AP location at one end of the conference table. We place the client’s

location in 10 different positions. To emulate blockage, for each client position, we

use 3 different orientations uniformly spaced in an angular range of 60 degrees. One

of the orientations provides a LOS path to the AP from each client position whereas

the other two represent client’s receive beams for forced NLOS paths. We select the

20 degrees horn for the client’s receive antenna as it provides an efficient trade-off

between receiver sensitivity of 7 degrees and receive capture area of 80 degrees. For

each client position and orientation, we perform a 360 degrees sweep of the AP in

steps of 5 degrees. To emulate the multi-level codebook structure, we conduct the

AP’s sweep using 7 degrees, 20 degrees, and 80 degrees horns. At each point of AP’s

sweep, we take RMS baseband measurements to estimate the received signal strength.

We normalize the signal strength measurements based on the maximum observed in

the entire data set as shown in Fig. 2.7.

Fig. 2.7(a) provides the normalized signal strength for client position 8 in Fig.

2.6(b) for a fixed orientation and different AP beamwidths. We observe that the

peaks for different beamwidths are correlated independent of the path being a LOS

path or NLOS path. Fig. 2.7(b) provides the normalized signal strength for same

client position but for different orientations when the AP sweeps with 7 degrees horn.
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We observe the diversity in the signal strength peaks for different client orientations.
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Figure 2.7: (a) The correlation in peak directions for different AP beamwidth at a
fixed client location and orientation. (b) The diversity in the peak directions for
different client orientations at a fixed location with 7 degree horn at the AP.

2.4.3 Beam Misalignment Analysis

To obtain the highest possible data rate, the AP and client should both beamform

such that the center of their target resides in the center of their beam. However, in

actuality, beam misalignment degrades performance. To analyze the effect of these

non-idealities on the measured signal strength at the receiver, we utilize our 60 GHz

testbed.

We collect traces indoors in an 8 x 3.5 meter room. The VubIQ boards are

placed at a height of 1 meter in the center of the room as shown in Figure 2.8. The

transmitter (AP) is placed on one end of the room and transmits longways down the

room with the 7 degrees antenna horn. The receiver (client) is placed in the center

of the transmitter’s beam 1 meter away. We take baseband RMS measurements to
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estimate the received signal strength when the azimuth angle of the receiver is between

-50 degrees to 50 degrees, where 0 degree represents the line of sight path. We verify

that an azimuth angle of 0 degree corresponds to the line of sight path by verifying

that the strongest receiver orientation is at this angle.

Figure 2.8: Indoor measurements of receiver rotation. The receiver was placed be-
tween 1 to 5 meters from the transmitter in steps of 1 meter. Not drawn to scale.

We repeat these measurements in 1 meter intervals up to 5 meters away, and then

repeat the entire set of measurements with the 20 degrees and 80 degrees antenna

horns at the transmitter as well. We always use the 20 degrees antenna horn at the

receiver to accurately characterize how the observed angular spread changes for the

different setups. Given that the transmitter is always pointed at the receiver, a 360

degrees receiver sweep is not necessary because there are no strong reflectors around

the receiver, so the only lobe will be close to the line of sight path.

Afterwards, we perform a separate experiment and measure the variation in signal

strength when the receiver is not perfectly centered in the transmitter’s beam. We

observe this effect by fixing the transmitter-receiver distance to 1 meter and radially

translating the receiver around the transmitter as shown in Figure 2.9. The trans-

mitter is always directed along 0 degree, but the receiver is always pointed at the

transmitter. This isolates the effect of transmitter-receiver misalignment.
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Figure 2.9: Radial translation of the receiver to characterize the effect of transmitter-
receiver beam misalignment. The transmitter is fixed at 0 degree azimuth while the
receiver moves and constantly points at the transmitter. Not drawn to scale.
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Figure 2.10: (a) Measured signal strength loss when the receiver rotates its beam
away from the transmitter while remaining in the center of the transmit beam (2
meter distance). (b) Radial translation of the receiver to characterize the effect of
transmitter-receiver beam misalignment. The transmitter is fixed at 0 degree azimuth
orientation while the receiver moves and constantly points at the transmitter.

Figure 2.10(a) characterizes signal strength in comparison to the maximum value

at perfect orientation as a function of the receiver misalignment angle from perfect
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orientation. Moreover, different values of transmit beamwidth are characterized. The

figure shows the non-linearity in the relationship between transmit beamwidth and

successful reception at rotated receiver antenna. Figure 2.10(b) depicts signal strength

at an angle relative to the strength at 0 degree for different transmit beamwidths. As

expected, the roll off for 7 degrees is the fastest, but it also has the highest peak. In

contrast, 80 degrees has a very slow roll off and wide spread, but the peak value is

significantly lower than the other transmitter beamwidths.

2.4.4 Codebook Tree Construction

We construct over 72 5-level codebook trees using the correlation technique presented

in [12] with beamwidth levels of 80 degrees, 40 degrees, 20 degrees, 10 degrees and 5

degrees. We construct the codebook trees by linear rotations of the default orientation

used in our over-the-air measurements. We estimate the signal strength measurements

at the clients for 40 degrees, 10 degrees and 5 degrees by weighted translation of the

collected measures for 80 degrees, 20 degrees and 7 degrees. For example, we briefly

describe how we estimate the signal strength vector for 10 degrees beamwidth at

the AP for a given client location and client orientation. First, we find out the

closest beamwidth part of the over-the-air traces which in this case is 7 degrees.

This ensures we are not incorporating the measurements of beam patterns widely

different from 10 degree. Second, we find out the maximas in signal strength across

the AP orientation spanning 360 degrees for the 7 degrees real trace for the same

client location and orientation. Then, we place the local maximas for 10 degree at

those same AP orientations and utilize the inverse relationship between the signal

strength and beamwidth to estimate the signal strength [35, 42].

We perform the above procedure for each codebook tree, codebook level, client

location and client orientation. For every codebook tree, we are performing a lin-
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ear rotation of the beams from the previous orientation. Therefore, based on our

beam misalignment analysis in Section 2.4.3, we need to incorporate an additional

misalignment loss into the signal strength estimation. For this purpose, we utilize the

misalignment loss function described in [42] that is validated by our results in Section

2.4.3.

We convert the baseband RMS measurements to lie within the received sensitivity

range provided in the 802.11ad MCS table [34] for SC-PHY modulation. To achieve

this, we map the maximum value in our RMS baseband measurements to the received

power of -53 dBm required for the highest data rate of 4.62 Gbps. Accordingly, we

select the data rate for a given received power measure using the 802.11ad MCS table.

2.4.5 Monotonicity Analysis

We analyze the monotonicity in the codebook tree traversal using the measurements

collected in a typical conference room environment. Let ψ(k, c) denote the best beam

obtained for a client cat codebook level k after exhaustive training in that level.

Once again, if a client is reachable by a beam, it means the received power measure

is greater than the minimum required for data transmission.

Monotonicity. We define monotonicity of level k to level k+1 as the probability

a client can be reached by at least one of the children beams in the codebook tree

of its best beam ψ(k, c) of level k. Fig. 2.11 shows the monotonicity on the y-axis

and the codebook level change on the x-axis. The monotonicity is computed for each

level change as an aggregate of all the client locations and orientations. The client

orientation in Fig. 2.6b facing the AP is considered as LOS link and the other two

orientations as NLOS links. We observe that, for the wider beam levels, the children

of the best possible beam at a codebook level do not necessarily provide a higher

directivity gain. In fact, for NLOS links, the monotonicity percentage is as low as
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16%. These observations validate SDM’s additional training conducted using the

sibling beams in the codebook tree to address non-monotonicity that is significantly

present in realistic indoor environments.
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Figure 2.11: Monotonicity.

Deviation from Best Beam. Let’s consider a client c is reachable by a child

of ψ(k, c). Is this child the same as the beam ψ(k + 1, c)? In Fig. 2.12, the x-axis is

the codebook level change and y-axis is the probability that the child beam reachable

at the client and the best beam being equal. We observe that independent of the

level change, there is no certainty that we are selecting the best beam at different

levels when we traverse using a codebook tree. For the NLOS links, the probabilitiy

is as low as 12%. The key message here is that in realistic indoor environments

due to reflectors and mon-monotonicity inherent in the codebook design, it might be

preferable to perform exhaustive search at the finer beam levels than a wide beam

level. This is because the deviation from best beam increases with the number of

levels trained and we would like to have the finer beams which facilitate higher data

rate to have a lower deviation from the best beams in comparison to the wide beams

that might lead to a drop in the data rate. These observations validate SDM’s training
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protocol rationale to begin training from the finest beam level.
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Figure 2.12: Deviation from Best Beam from exhaustive search.

2.5 Experimental Evaluation

In this section, we evaluate the performance of SDM’s training protocol and beam

group algorithm with the help of our collected measurements. Moreover, we compare

its performance against the following baseline models:

(i) Exhaustive approach: This approach performs exhaustive training followed by

beam grouping using an exhaustive wide beam search as discussed in Section 2.3;

(ii) Only Finest: This approach performs training only in the finest level followed

by beam grouping consisting of only the finest level beams representing a sequential

802.11ad unicast beam generation;

(iii) Ascending Order Traversal: This approach is an extension to the basic traver-

sal discussed in Section 2.2. It performs training starting from the widest beam level

and progresses to the finer levels conducting an exhaustive training until every client

provides at least one beam pattern in the feedback. Thereafter, it utilizes only the
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children of the beams in the feedback for training. For the beam grouping, this ap-

proach selects the set of wide beams provided in the feedback that can cover all the

clients in the multicast group. In the worst case, all the clients might still be served

by the finest level beams if none of the wide beams are such that more than one client

is reachable simultaneously by any of them.

Firstly, we analyze the performance in different stages of the multicast timeline

(Fig. 2.1(b)) individually. Then, we analyze the throughput performance incorpo-

rating the overhead in training and beam group computation. For every experiment

analyzed in this section, the x-axis of its corresponding figure is a given number of

clients. We collect over a thousand snapshots for every x-axis point. The y-axis in

each figure reports the mean and standard deviation of the metric under consideration

over all the snapshots. Each snapshot is a combination of:

(i) Client Location: a random client location selection from the 10 locations used

in our collected data (Section 2.4);

(ii) Client Orientation: For each client, a random orientation out of the 3 receiver

antenna orientations used in our collected data to emulate forced NLOS paths due to

blockage;

(iii) Codebook Tree: A random codebook tree out of the 72 codebook trees con-

structed by our 60 GHz WLAN trace-driven emulator.

We use the same snapshots for the evaluation of our designs in the different stages

of the mutlicast timeline (Section 2.1) including the training, beam grouping and data

transmission.

Scalable Training. For each snapshot, we conduct training independently using

SDM and alternative strategies described earlier in this section. In Fig. 2.13, first,

expectedly, exhaustive training has the highest overhead. Second, initially the as-

cending order traversal strategy has the lowest training overhead as it only uses the
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children in the codebook progressing from the widest beam level to the finest beam

level. As the multicast group size increases, the number of levels of exhaustive train-

ing performed increases before only children are used for training. This is because of

the increased probability of at least a single client not being reachable by any of the

wide beams. Hence, eventuallly, for larger multicast group sizes, the training over-

head of ascending order traversal is higher than that of the only finest level strategy.

Third, SDM has a higher slope than exhaustive training and only-finest level training

which have a fixed number of beacons used for training independent of the group size

and only the number of feedback packets the AP receives increases with the group

size. In contrast, in SDM, not only is the number of feedback packets increasing but

the number of beam patterns used increases with the group size resulting in a higher

slope. Last, although the gain using SDM in relation to exhaustive training decreases

with client size, this represents the scenario when the AP conducts training for all

the clients even if a single client failed the beam group quality test. If only the clients

that fail the beam group quality test take part in training then the gains would be

mainly that of a small client size in Fig. 2.13. Finding: SDM consistently provides

a reduced overhead with up to 44.5% reduction over exhaustive training through its

feedback-controlled pruned codebook tree traversal.

Scalable Beam Grouping. Performing an exhaustive beam and client assign-

ment search using exhaustive training information leads to the best beam grouping

solution. Therefore, we utilize exhaustive beam grouping as the baseline to com-

pare the performance of SDM and other strategies. To analyze only the performance

of beam grouping algorithms with appropriate training inputs, we focus on group

throughput during the data transmission period of Fig. 2.1(b) and denote this metric

as the beam grouping efficiency. For each snapshot, we consider an 8 kB aggregated

frame transmitted by each beam of the beam group during a data sweep. We con-



41

0 1 2 3 4 5 6 7 8 9 10 11
0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

MULTICAST GROUP SIZE

T
R

A
IN

IN
G

 O
V

E
R

H
E

A
D

 (
m

s
)

 

 

EXHAUSTIVE

SDM

ONLY FINEST

ASCENDING TRAVERSAL

Figure 2.13: Training Overhead.

sider the data transmission period to be the maximum limit of 8.192 ms for transmit

opportunity as defined in IEEE 802.11. Therefore, there may be multiple data sweeps

during a single data transmission period.
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Figure 2.14: Beam Grouping Efficiency.

In Fig. 2.14, first, when there is a single client, all approaches provide the same

performance as all use the same finest beam and data rate to serve the client. Second,

surprisingly, although the ascending order traversal utilizes wide beams for the beam
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grouping, the significant drop in data rate due to the beamwidth-MCS tradeoff leads

to a worse performance than even the only finest strategy. Compared to these two

strategies, the performance gains of exhaustive strategy and SDM increases with the

group size as the diversity in the beam patterns that together minimize the data

sweep time increases. Also, the scenario of this figure represents the throughput

performance if the beam group quality test (Section 2.1) is a success such that the AP

begins data transmission without performing any training and a new beam grouping.

Finding: SDM’s training and grouping search space although limited in comparison

to the exhaustive search yet has a performance within 80% of exhaustive search and

grouping solution.

Beam Grouping Computation Time. For each snapshot, we record the com-

putation time taken by the different approaches. We utilize a laptop enabled with

quad-core 2 GHz Intel Core i7 processor to record the computation time. As a

baseline, we select the only finest strategy solution which is the initial solution for

exhaustive search and SDM and consider the mean computation time for this solution

to be a nominal value of 10µs when there is a single client. Accordingly, we translate

the recorded computation time for our algorithms using this baseline.

In Fig. 2.15, the baseline algorithm expectedly has a negligible increase in compu-

tation time with the increase in group size. Second, as the ascending order traversal

selects the widest beams that cover all the clients in the multicast group without

optimizing over the client assignment and resultant data sweep time of every beam,

the beam grouping time for this strategy is only slightly higher in comparison to

the only finest strategy. Third, we observe that SDM with its reduced search space

for wide beams and using pruned training information, computes its solution in less

than 1 ms. This is in comparison to the exhaustive search using exhaustive training

information which is heavily slowed down in the wide beam search stage and goes up
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Figure 2.15: Beam Group Computation time.

to 10 ms when the group size is as high as 10.

Throughput. Now, we analyze the throughput performance incorporating time

overhead for training and beam grouping computation. We analyze the gains provided

by SDM if the time saved in training and beam grouping computation was utilized

for data transmission. Once again we utilize the exhaustive approach as the baseline.
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Figure 2.16: Throughput incorporating the overhead in training and beam grouping.

In Fig. 2.16, first, the results indicate that when there is a single client, the ex-
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haustive approach is even worse than only finest strategy. This is because of the larger

training and beam grouping computation time although the beam group solution is

the same for all as shown in Fig. 2.14. Second, as the client size increases, we ini-

tially observe a performance drop for all strategies. This is because of the best beam

group solution provided by exhaustive approach. Third, with larger group sizes, the

performance of all three strategies compared to baseline increases. This is because

the increased training time and beam group computation time of the exhaustive ap-

proach is better utilized by the other strategies for data transmission. Last, although

ascending order traversal and only finest strategies have reduced training and beam

grouping computational overhead in comparison to SDM, their significant degrada-

tion in data transmission performance as shown in Fig. 2.14 leads to an overall better

performance for SDM. Finding: SDM consistently performs better than the baseline

strategies and provides over 80% throughput gains over the exhaustive approach using

its scalable codebook tree traversal during the training and beam grouping.

Practical Phased-Array Irregularities. The above experimental evalua-

tion was performed over wireless traces collected using horn antennas as

discussed in 2.4. We briefly discuss the impact of irregularities present

in consumer-grade phase antenna arrays [43] on SDM’s performance. In

[44], the authors analyze the irregularities in the beam patterns of phased

antenna array installed in Dell 5000 wireless docking station. For the wide

beams, the authors observed deep gaps in the beam pattern that might

prevent communication at those specific angles. For the highly-directional

beams, the authors observed significant energy from the side lobes -4 to

-6 dB compared to main lobe.

SDM’s protocol design naturally takes such irregularities into consider-

ation as the training begins at the finest beams and moves up the codebook
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tree to the wider beam levels. Therefore, even if the wide beams cannot be

used for communication to a given client either due to low signal strength

or deep gaps, the finer beams can still be used for multicast data trans-

mission to that client. In contrast, this strategy would have a negative

impact on the Ascending Order Traversal strategy wherein training begins

at the widest beam level. With the deep gap irregularity, the probabil-

ity of performing exhaustive search for all the codebook levels increases

in Ascending Order Traversal strategy leading to increased beam training

time. As SDM performs a sequential multicast data transmission, there

wont be any interference due to the side lobes. The signal energy might

be lower in the main lobe due to strong side lobes. This would only affect

the SNR and the corresponding MCS used for each beam pattern. This

drop in SNR equally affects SDM as well as other alternative strategies

considered in this paper for performance comparison.



Chapter 3

LiRa: a WLAN architecture for Visible Light

Communication with a Wi-Fi uplink

3.1 LiRa Architecture

In this section, we present an overview of LiRa’s hardware and software architecture,

along with an example deployment scenario and protocol stack.

3.1.1 Hardware and Network Architecture

We design LiRa as an indoor WLAN that dual purposes luminaries for communi-

cation. A typical deployment scenario as illustrated in Fig. 3.1 has multiple LED

lighting sources used to illuminate a room. The luminaries are typically distributed

spatially solely for illumination objectives in order to avoid large shadows associated

with a single point source. The LiRa AP controls these LEDs and can either group

multiple sources together as a single transmission (e.g., to provide robustness for a

high mobility scenario) or divide the coverage area into separate collision domains

(e.g., for an auditorium scenario). The latter can be achieved using a variety of tech-

niques including wavelength division (see [45] for a discussion). In either case, the
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AP transmits, but does not receive, via VLC, as the LiRa AP is not equipped with

photo diodes. For the uplink, the LiRa AP receives via legacy Wi-Fi hardware and

custom software as described below.

LiRa 

AP 
Wi-Fi 

Antenna

Photo 
Diode Array

LiRa  
Client

Legacy 
User

Wired Connection

LED  
Transmitters

LiRa  
Client

Figure 3.1: Example LiRa scenario.

LiRa clients are equipped with at least one photo diode for reception of VLC sig-

nals and preferably have an array of photo diodes on multiple surfaces of the device.

The photo diode array provides robustness to device orientation and minimizes the

probability of blockage. For example, a device with a single photo diode that is tem-

porarily oriented towards the floor would have a poor reception data rate, receiving

only reflected signals, compared to a device that has a photo diode on each surface

and can select or combine signals from multiple photo diodes. The LiRa client uses

VLC for all downlink data receptions barring outage or failure and uses legacy Wi-Fi

hardware and custom software for both uplink control (such as ACKs and channel

state reports) and data, and for ACKs of uplink data.

Lastly, as also depicted in the figure, the LiRa AP supports legacy Wi-Fi clients

which do not have VLC reception capabilities. A key component of LiRa’s design

is ensuring that such clients, as well as other nearby Wi-Fi networks (not shown),
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obtain a controlled share of air time when interacting with a LiRa network.

Thus, the scenario and hardware architecture target to exploit the inherent cover-

age of downlink VLC realized by both illumination objectives and low-cost client-side

photo diode reception arrays. LiRa does not attempt to realize a robust wide aperture

uplink, as to do so would require a client LED transmit array along with transmit

power and illumination intensity that would be significantly less than what is viable

on the downlink [10, 11]. Instead, LiRa employs a radio uplink.

3.1.2 Software and Protocol Stack

LiRa provides a side-by-side light-radio protocol stack integrated via a common IEEE

802.2 interface. Consequently, as illustrated in Fig. 3.2, LiRa provides an abstraction

of a single layer-2 hardware interface to higher layers. This approach contrasts with

prior work which treats light and radio as separate networks in much the same way

mobile clients have both cellular and WLAN interfaces today. The unified interface

is critical to realizing both a fast VLC feedback channel and to control the impact of

VLC control traffic on legacy Wi-Fi.

From the data flow perspective, downlink VLC data originates from the AP only,

and the primary functions of the VLC downlink MAC are scheduling, framing, and

PHY adaptation. The VLC MAC is not contention based as ambient light sources

not controlled by the AP are considered to be interference. The LiRa AP adapts

PHY parameters such as the selection of the luminary source(s) and the modulation

and coding scheme (MCS), which are impacted by client and environmental mobility

as well as interference. The control feedback discussed below provides the required

input for this adaptation. LiRa can employ any physical layer, including [6, 5, 46].

The LiRa client receives downlink data via an array of photo diodes. LiRa can also

employ any physical layer reception mechanism that is compatible with the transmit-
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Figure 3.2: LiRa’s protocol stack and data flow.

ter. Frames addressed to the client are processed up the protocol stack as illustrated

in the figure.

Uplink transmissions can be divided into control frames and data frames. A data

frame is transmitted via legacy Wi-Fi in the same way that legacy stations transmit.

Moreover, uplink data is acknowledged by the LiRa AP using Wi-Fi to maintain

backward compatibility and since Wi-Fi already protects the channel for the ACK

that follows data. That is, there would be no advantage to using downlink VLC to

ACK uplink Wi-Fi data.

Uplink control is quite different. Because the VLC and Wi-Fi channels are oper-

ating asynchronously, LiRa clients cannot immediately ACK a received VLC frame

over Wi-Fi without risking collision or excessively disrupting ongoing traffic. Like-

wise, if the client contends for Wi-Fi channel access to transmit VLC ARQ feedback,
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the delay could be excessive and the feedback load could create heavy contention on

the radio channel. Consequently, the AP controls the time at which ACKs and other

control information are transmitted as described in Section 3.2. Here, we describe

the structure of a VLC ARQ feedback: Because client feedback is sent on-demand

in response to the AP, we opportunistically aggregate ACK information up to the

time that the command is received by the client. When commanded, the client sends

an aggregate ACK with a bitmap representation of the frames received along with

the sequence number of the first frame. This representation is similar to an 802.11

Block ACK representation [18] with the key difference that the LiRa client does not

negotiate a fixed block size with the AP. Instead, this size is opportunistically set

by the client at the latest possible instant, in response to the AP’s command. Upon

receiving the VLC ARQ feedback, the AP can then perform traditional ARQ. Like-

wise, we define a field in this same VLC ARQ feedback message to provide hints for

the VLC transmitter to adapt its physical layer parameters. The AP can then use

a combination of the loss profile (ACK bitmap) and receiver measurements such as

SNR for different luminary sources to optimize downlink transmission.

Lastly, we note that with a high data rate in hundreds of Mbps for the VLC

downlink and a VLC ARQ feedback delay in the order of tens of milliseconds, the

buffering cost at the AP is in the order of a few megabytes. This is a modest overhead

given that state-of-the-art APs are equipped with hundreds of megabytes of RAM and

gigabytes of flash storage, e.g., Synology RT1900ac router.

3.2 A Scalable Feedback Channel for Light

In this section, we present AP-Spoofed Multi-client ARQ (ASMA), a Wi-Fi compat-

ible feedback channel that is triggered by the AP via a spoofed NAV that protects

the RF channel for a sufficient time for multiple LiRa clients to send contention-free
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feedback. The trigger time is managed to balance the need for timely feedback with

the air time that will otherwise be used by legacy Wi-Fi and uplink data.

3.2.1 AP Trigger

The VLC downlink transmits multiple frames in succession that can span multiple

LiRa clients before reception of acknowledgement feedback to control ARQ. As illus-

trated in the simplified timeline of Fig. 3.3, VLC downlink frames are transmitted by

one luminary or a group of luminaries according to policies as described in Section

2. The AP is shown sequentially transmitting variable sized frames to different LiRa

clients as indicated by the depicted numbers. ASMA sets a feedback trigger timer :

once the timer expires, the AP will aggressively attempt to access the radio channel

once it becomes idle in order to transmit an ASMA trigger message.
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Figure 3.3: Simplified LiRa timeline illustrating the combination of ASMA trigger
to the AP, trigger message transmitted by the AP and uplink VLC ARQ feedback
transmissions.

The expiration of the feedback trigger timer is also depicted in the figure. In the

example, a Wi-Fi transmission was on-going when the timer expired in the figure.

Consequently, the AP waits until the transmission completes in order to access the
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channel. To minimize the channel access time, the AP employs a prioritized access

strategy as follows: When a channel becomes idle, based on the 802.11 standard, each

user begins backoff only after the channel becomes idle for DIFS (= SIFS + 2*SLOT)

duration, where SLOT refers to the length of one backoff counter slot duration. To

guarantee that the AP acquires the channel before other users start backoff, the AP

sends the ASMA trigger message after the channel becomes idle for PIFS (SIFS +

SLOT) time. In case other APs are in range, a less aggressive policy can be used to

minimize the chance of collisions of such messages.

3.2.2 Spoofed NAV for Control Channel

The objective of the ASMA trigger message is two fold: first, it protects the radio

channel for a sufficient duration to enable transmission of the required feedback;

second, it provides a transmission schedule for feedback such that multiple clients

can send feedback messages without incurring per-client contention and collisions.

We achieve the former objective via the virtual carrier sense mechanism of Wi-

Fi in which other stations defer according to the duration contained in the header’s

Network Allocation Vector (NAV). Namely, the LiRa AP spoofs the NAV: instead of

inserting the AP’s actual frame transmission duration, it advertises a NAV to enable

receipt of the feedback that the AP requires from the stations. This is illustrated

in the timeline which depicts the duration field indicating an interval for both the

trigger message and the three feedback messages. The trigger message can be realized

as a data frame or a CTS-to-self [18] which LiRa clients are programmed to recognize

as a trigger message. We employ the latter approach in our implementation. Upon

receiving the message, legacy stations will defer and LiRa stations will decode the

trigger message.
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3.2.3 Multi-Client Scheduled Feedback

The second function of the ASMA trigger is to provide a transmission schedule for

client feedback messages. In particular, LiRa targets scaling the feedback process by

avoiding per-client contention for each feedback message. Consequently, VLC ARQ

feedback and channel state information can be efficiently communicated on the uplink

in order to guide the AP’s ARQ processes and PHY adaptation.

Thus, the trigger message includes an identifier and start time for each LiRa client

that the AP requires feedback from. The start time, expressed in mini-slots off-set

from the end of the trigger message, enables a group of clients to transmit on the radio

uplink sequentially without random access or polling. The figure’s timeline illustrates

an example in which three clients are commanded by the trigger to transmit feedback,

client 1 and 2, which have received data and will feedback both VLC ARQ feedback

information and PHY updates, and client 4, which has not received data, but the AP

may require other control information from, such as a PHY update to ensure that

the client is matched with the best luminary.

3.2.4 Balancing LiRa Responsiveness and Control Traffic Air-

time

As described above, the feedback trigger time must balance responsiveness for down-

link ARQ and PHY adaptation with the air time overhead on the Wi-Fi channel.

Wi-Fi transmissions (legacy RF and LiRa uplink data) following the 802.11 pro-

tocol occur for the entire duration of the the feedback trigger time without any use of

air-time by LiRa. After the trigger expires, the LiRa AP waits at most the transmis-

sion opportunity limit for an ongoing transmission to complete. If the channel was

already idle when the timer expires, the AP sends the trigger immediately.

Once the AP accesses the channel to transmit the trigger message after PIFS, the
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channel occupancy time includes the time to send the trigger message (denoted as

Ttm) and the time for all LiRa clients to transmit feedback. ASMA includes a SIFS

duration between the trigger message and the first LiRa client uplink transmission.

This spacing is for the client scheduled first to decode the trigger message preceding

its VLC ARQ feedback transmission. Thus, the total time per cycle used for feedback

is at most PIFS+Ttm+SIFS+NTfb, in which N is the number of LiRa stations, Tfb

is the maximum per-station feedback time, including PHY preambles and all control

fields, and PIFS and SIFS are the same Wi-Fi standard values. Thus, denoting Tftt

as the feedback trigger time, LiRa utilizes no more than a fraction

1−
Tftt

Tftt + PIFS + Ttm + SIFS +NTfb
(3.1)

of Wi-Fi air time.

While Equation (3.1) favors a large feedback trigger timer in order to amortize

overhead and minimize the impact on legacy and uplink Wi-Fi, a smaller value is

favored for ARQ and PHY responsiveness. The maximum delay for feedback is the

sum of the trigger time, the maximum Wi-Fi transmission time TXOPmax, and the

maximum feedback time as given above, i.e.,

Tftt + TXOPmax + PIFS + Ttm + SIFS +NTfb. (3.2)

Thus, the dominant term in each case is the feedback trigger time with an inverse

relationship for fraction of airtime and a linear impact on response delay. We evaluate

policies for setting the trigger time in practice in our experimental evaluation.
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3.3 LiRa Implementation

In this section, we describe our implementation of the key components of LiRa, includ-

ing a custom VLC platform to collect measurements in a typical indoor environment,

and a software-defined radio implementation of LiRa’s RF components.

3.3.1 VLC Downlink Implementation

VLC AP transmitter. As described in Section 2, LiRa can employ any VLC physi-

cal layer. Here, we repurpose Philips Hue smart-LED lightbulbs [47] that are capable

of changing hues and light intensities as transmitters. While the Philips’ hardware

and software interfaces do not allow high frequency modulation, the platform enables

study of a large set of LiRa performance factors as described below. Most critically,

the achievable data rate on a VLC link is a function of the received signal strength at

the receiver’s photodiode. This signal strength depends on the luminary’s transmit

power, the distance between luminary and photo diode, the incidence angle from the

light source, and the irradiation angle at the photodiode. The Philips system along

with most other commercial LED luminaries are equipped with diffusers that aid to

realizing uniform propagation, thereby minimizing the impact of incidence angle.

VLC client receiver. The LiRa VLC receiver depicted in Fig. 3.4, employs

Adafruit TSL2591 high dynamic range digital light sensors. We mount the light sensor

on top of an Arduino platform that handles serial communication with a computer

tasked with data processing. We place the receiver on a transparent holder to reduce

undesirable blockage from nearby. This holder is designed to have two concentric

acrylic layers that can be rotated 360 degrees relative to each other. This structure

is combined with a motion controller [41] that consists of a slider along which the

receiver can be linearly moved over 50 cm, and motors that can be controlled via

MATLAB to provide desired movements and rotations for the receiver. We further
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construct a mobile phone mock-up in order to represent a VLC receiver array used

to enhance VLC connectivity as shown in Fig. 3.5.

Receiver 

Sensorr

Arduino 

Pro

Motor

Figure 3.4: VLC single high range sensor.

We further construct a mobile phone mock-up in order to represent a VLC receiver

array used to enhance VLC connectivity. As shown in Figure 3.5, we place a photo-

diode on each edge of a mobile device case, enabling studies the coverage capabilities

in the downlink.

Experimental setup. Fig. 3.6 illustrates our baseline experimental setup. For

all measurements, we hang the smart-LED lightbulb overhead with the help of a

stand with an adjustable height. We collect light intensity measurements at locations

corresponding to different distances between the LED bulb and receivers spanning

over 150 cm. At every location, the receiver’s sensor is rotated in steps of 10 de-

grees, with the sensor’s rotation corresponding to the varying irradiance angle that

determines the light intensity received. We collect 168 samples of light intensity for

every location and every sensor rotation angle. Using this measurement database and
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Figure 3.5: VLC receiver array with 4 photo diodes.

Figure 3.6: Smart LED-based experiment setup.
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802.15.7 standard MCS table, we compute the MCS the AP would select for every

location and orientation of the sensor.

Downlink Coverage. For downlink coverage analysis, we use the same platform

setup and methodology. The key difference is that for the receiver, we utilize the

phone mock-up design illustrated in Figure 3.5. To study the impact of rotation on

downlink coverage, we collect measurements for the roll and pitch axes of rotation.

illustrated in Figure 3.7. At each measurement point, we collect 100 samples with an

angular granularity of 5 degrees.

Figure 3.7: Illustration of experimental setup for VLC measurements.

3.3.2 Radio Link Implementation

Implementation. The hardware setup is illustrated in Fig. 3.8. We utilize WARP

v3 [19]. The WARP board exchanges data with a computer via the Ethernet interface

and can perform real-time wireless transmission with its WARPNet module. We

use the 802.11 reference Design for WARP v3 as the MAC layer design, which is

802.11g compatible. We utilize multiple WARP boards, including 1 AP and different

combinations of VLC users and legacy users.

With ASMA, the AP sets the feedback trigger timer after its last reception of

feedback and attempts to obtain channel access after the timer expires. During this
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period of time, the VLC traffic of LiRa has no impact on the Wi-Fi channel. Once

the AP obtains channel access for the trigger, VLC ARQ feedback transmissions are

contention free. In our implementation, the AP transmits the trigger message over

the air along with the spoofed NAV field. In order to realize the feedback trigger

message, the LiRa AP targets to obtain channel access as soon as possible after the

channel becomes idle upon expiration of the trigger timer. As specified by ASMA,

we replace the DIFS value of the AP with PIFS and set the contention window size

to 0 whenever a trigger message should be transmitted.

Figure 3.8: Radio link Implementation Setup

The trigger frame’s payload must identify the association ID and time for each of

the requested feedback messages. Consequently, we set the trigger frame payload size

accordingly.

We implement fully backlogged legacy users, which represents the worst case for

the AP competing to win contention for the trigger message. We focus on the VLC

ACK feedback analysis and therefore do not transmit Wi-Fi uplink data traffic for

LiRa clients and instead consider the impact of such traffic to be equivalent to the

traffic of other legacy users.

Experimental Setup. To evaluate the impact of feedback trigger time, LiRa

client size, and legacy user traffic characteristics, we collect over-the-air measurements

using the WARP-based LiRa implementation. We couple the above measurements



60

with computations that utilizes the traces from our VLC downlink measurements

as input. We generate 1,000 client locations and assign each client a location and

orientation randomly following a uniform distribution of the locations and orientations

used in the smart LED bulb measurement study described above. For each location,

we compute the per-client MCS that would be selected by the AP for the downlink

transmission given the measured signal strength. Then, for different feedback trigger

times, we compute the trigger frame payload size for transmission via WARP.

Each experiment run consists of a wall-clock time of 10 seconds in which thou-

sands of legacy user data packets and LiRa feedback messages are transmitted. For

analyzing Wi-Fi traffic’s impact on LiRa’s performance, we perform 20 independent

reruns spanning several hours given a setting of LiRa trigger time, Wi-Fi operating

channel and legacy user traffic flows. We transmit all legacy user data packets via

IEEE 802.11g compliant operation and with all frames having length of 1024 bytes

with variable MCS unless stated otherwise. The AP has fully backlogged data for the

LiRa clients. First, we collect measurements for different feedback trigger times and

different trigger frame message sizes corresponding to a unique pairing of feedback

trigger time and LiRa client size. Second, we collect measurements for different up-

link MCS of the legacy users and the operating Wi-Fi channels to analyze the impact

of legacy user traffic on LiRa’s performance. Third, for baseline comparisons, we

implement other feedback strategies as described in the next section.

3.3.3 Configuration

Unless otherwise noted, all results use the following configuration: First, the ASMA

trigger message and the LiRa client’s VLC ARQ feedback is transmitted at the base

rate of 6 Mbps and the VLC downlink MPDU (MAC Protocol Data Unit) is 1 kB.

Second, the number of ACKs opportunistically aggregated into a VLC ARQ feed-
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back transmission depends on the VLC data rate used by the AP to serve the client,

as a higher rate yields more ARQ feedback. The VLC downlink rate is dependent on

both the PHY architecture of the VLC link as well as environment-dependent factors

such as distance. Unless otherwise noted, we map measured signal strength to MCS

as specified by 802.15.7, and incorporate all MAC and PHY layer parameters from

802.11 and 802.15.7 standards for the Wi-Fi and VLC links respectively.

Finally, the AP has fully backlogged traffic for downlink transmission to each

LiRa client and the legacy users have backlogged traffic for the AP. For scenarios

with multiple LiRa clients in the network, the AP conducts the VLC transmission

using round-robin scheduling of frames. More sophisticated scheduling [48] and rate

adaptation [49] can be applied to improve LiRa performance.

3.4 Experimental Evaluation

In this section, we evaluate the performance of LiRa using the above implementation

platform. We study VLC coverage, response delay and VLC feedback’s impact on

legacy Wi-Fi traffic for a broad class of scenarios and configurations.

3.4.1 LiRa Coverage

3.4.1.1 Downlink Coverage

Here, we evaluate the coverage provided by VLC luminaries coupled with LiRa’s

photo-diode receiver array in typical indoor environments. In particular, we study

the impact of the receiver’s orientation angle on the received signal strength.

In the experiments, we utilize the four diode mobile client depicted in Figure

3.5 in the setup described in Section 4.4. We change the client’s orientation angle in

5stepsspanning360 and take repeated measurements of signal strength on each photo
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diode for each angle.

Figures 3.9(a) and 3.9(b) depict the measured signal strength in the roll and pitch

axes of rotation respectively. The figures show the signal strength of the four diodes on

the VLC receiver array independently as a function of orientation angle. The results

indicate that each photodiode has a non-overlapping 3 dB region of approximately

95suchthatinaggregate, thephotodiodearraycanprovide360 coverage for the receiver.

Nonetheless, signal strength is not uniform across photodiodes or angles indicating

that a feedback channel is required to adapt the VLC transmitter’s modulation and

coding to its greatest possible value as the device moves.

The measurements also indicate an abrupt drop in signal strength at the 250markfordiode2.ThisisbecauseoftheUSBconnectoronthereceiverarraywhichislocatedrightnexttodiode

is the point where the USB connector is blocking the diode from signal reception.

Lastly, while this figure depicts results for a fixed transmitter-receiver distance of 158

cm, other distances yield similar results and hence are not depicted.

3.4.1.2 Uplink Coverage

Because LiRa employs a radio uplink, here we evaluate limits of employing infrared (or

similarly, visible light) as an uplink. In particular, we utilize a commercial system,

pureLiFi [17], that, like LiRa, provides downlink coverage via LED light fixtures

connected to an AP. However, in contrast to LiRa, pureLiFi’s uplink uses infrared

instead of radio. The pureLiFi client does not employ an infrared LED transmitter

on each of its surfaces; indeed, we expect that due to the relative bulk of LED

transmitters (similar to the size of a phone’s flash), it would be infeasible to place

one on each of the mobile client’s surfaces, even in future designs.

PureLiFi enables separate locations for the AP’s LED bulb acting as the lumi-

nary and downlink transmitter and the AP’s photo-diode based infrared receiver. For

our purposes of evaluating coverage, we place these two AP components adjacent to
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Figure 3.9: Downlink coverage provided by LiRa as a function of client rotation. (a)
Roll axis (b) Pitch axis.
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Figure 3.10: Uplink coverage experiments (a) Setup where IR stands for infrared. (b)
pureLiFi client unit.

each other and position the client 130 cm below as illustrated in Figure 3.10(a). We

study uplink coverage and the impact of the client’s infrared transmitter orientation

on uplink throughput and vary the orientation of the client about its edge axis as

illustrated in Figure 3.10(b). The orientation is changed in steps of 5with0 represent-

ing perfect alignment (i.e., the infrared client transmitter is perfectly aligned with

the AP’s ceiling mounted photo diode receiver). We perform the rotation in both

clockwise and counter-clockwise directions. For each orientation angle, we conduct

10 independent runs and use iperf to measure the data transferred in an interval of

approximately 10 seconds under TCP protocol with default TCP window size of 85.3

kB.

The results are depicted in Figure 3.11, which shows uplink throughput vs. orien-

tation angle. Negative and positive angles indicate clockwise and counter-clockwise

rotations respectively. First, the throughput is close to the peak value at the best

alignment and ±5.Second, withincreasedrotationof10, the throughput remains at

1.2 Mbps in the counter-clockwise direction but reduces to 0.6 Mbps in the clockwise

direction. This asymmetry arises due to the increased distance between the trans-



65

ANGLE OF ROTATION (degrees)

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30

U
P

L
IN

K
 T

H
R

O
U

G
H

P
U

T
 (

M
b

p
s
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Figure 3.11: Uplink throughput of pureLiFi versus orientation angle.

mitter and receiver in the case of clockwise rotation as the rotation axis is the edge

of the client’s device.

Finding: At 20 degrees of rotation, we observe negligible throughput of 8.4 kbps, be-

yond which the link can no longer be established, yielding zero throughput. In contrast,

LiRa targets mobile clients and consequently employs radio as an uplink medium,

which is not subject to such deep rotational fades and outages.

3.4.2 Response Delay Evaluation

Here, we analyze the impact of feedback trigger time, the number of LiRa clients,

and interference from Wi-Fi traffic on response delay. The response delay is the

duration between when the AP transmits a VLC frame to a particular client and

when the AP receives ARQ feedback for that particular frame. The mean response

delay is an average over all frames and clients, as well as over time with multiple

trigger messages. Likewise, the feedback trigger time is the duration of the timer

that the AP uses before contending for access to the wireless channel to send the

trigger message, as described in Section 3.2.1.
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3.4.2.1 Clean-Channel Feedback Delay

Here, we isolate the effect of VLC feedback traffic and consider the case of only LiRa

feedback on the Wi-Fi link, i.e., without legacy Wi-Fi traffic nor LiRa uplink data

traffic. Figure 3.12 depicts the measured mean response delay vs. feedback trigger

time. First, for each fixed trigger time, the mean response delay is lower than the

corresponding trigger time value. This is because frames transmitted in the latter part

of the trigger duration typically have a response delay that is less than the trigger

time itself (cf. Figure 3.3).
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Figure 3.12: ASMA’s trigger time impact on response delay.

Second, the response delay is consistently largest when there is a single client in the

network, independent of the trigger time. This is because with an increasing number

of clients, the time between transmission of consecutive frames to the same client

increases. Hence, the time between a frame’s transmission and the corresponding

VLC ARQ feedback reduces for for client size greater than one.

Third, for the smallest feedback trigger time of 1 ms, the response delay is non-

monotonic with client size, initially decreasing as described above, but subsequently

increasing from 10 to 15 clients. This is because for a low trigger time of 1 ms, the

airtime spent in feedback is significant in comparison to the feedback trigger time. For
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example, when 15 clients each has the maximum downlink VLC PHY rate 100 Mbps,

the airtime required by LiRa’s trigger message and all client VLC ARQ feedback is

over 1 ms. This non-monotonicity effect does not occur with higher trigger times since

the trigger time would be the dominating factor of the response delay as characterized

by Equation (3.2).

3.4.2.2 Congested-Channel Feedback Delay

In ASMA, the AP wins channel contention by transmitting the trigger message a

duration PIFS after the channel becomes idle. However, the time between ASMA

triggering the AP to enqueue the trigger message for transmission and the AP trans-

mitting the trigger message over-the-air depends on the Wi-Fi traffic characteristics

which includes uplink and downlink transmissions from legacy stations as well as

uplink data from LiRa clients. Moreover, even when a controlled experiment is run

with a fixed number of legacy users, there might be interference from legacy users

associated with other APs nearby. For this purpose, we analyze the impact of Wi-Fi

traffic on ASMA’s response delay in two dimensions: number of Wi-Fi traffic flows

and the Wi-Fi operating channel. In our experiments, there are either one or three

Wi-Fi traffic flows in the network and we set their uplink PHY data rate to 18 Mbps.

We fix the feedback trigger time to 5 ms and the number of LiRa clients to be a

high value of 10. We analyze the impact of co-channel interference by conducting the

experiments in three different Wi-Fi channels of operation: channels 1 and 14 in the

2.4 GHz band and channel 48 in the 5 GHz band.

Fig. 3.13 depicts mean response delay as a function of the combination of the

number of traffic flows and the Wi-Fi operating channel. First, independent of the

number of traffic flows and the Wi-Fi channel, the mean response delay is consistently

lower than the corresponding trigger time value. This is because frames transmitted
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Figure 3.13: Wi-Fi traffic impact on LiRa’s response delay: 1 flow and 3 flows.

in the latter part of the trigger duration typically have a response delay that is less

than the trigger time itself (cf. Fig. 3.3). Second, there are differences in response

delay across different channels due to uncontrolled Wi-Fi transmissions occurring in

the range of the AP. The channels 14 and 48 have negligible variance in response

delay because they are not used for commerical Wi-Fi operation in the experiment

coverage area. Finally, response delay increases with the number of flows in Channel

1. This is due to the increased probability of the channel being occupied by legacy

user transmissions when the trigger timer expires. In our experiments, we observe

behavior similar to this figure for varying sets of LiRa client sizes and trigger times

spanning from 1 ms (frequent feedback) to 10 ms (less frequent feedback).

Finding: The average response delay is lower than LiRa’s feedback trigger time

independent of LiRa client size and legacy Wi-Fi traffic.

3.4.3 Impact on Wi-Fi Throughput

3.4.3.1 Feedback Channel Airtime Bounds

We next analyze the RF airtime occupied by the AP and LiRa clients for the VLC

ARQ feedback transmissions, as this airtime necessarily decreases throughput of Wi-
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Fi. The feedback airtime depends on the size of the VLC ARQ feedback messages,

which increases with both the feedback trigger time and the the VLC downlink PHY

rate, as it requires ARQ feedback for more frames. Nonetheless, a larger trigger time

amortizes the fixed feedback overhead such as the header of the AP’s trigger message.

To analyze the bounds of airtime utilized by LiRa, we consider scenarios of 1 or 10

LiRa clients each receiving VLC data at either 10 Mbps or 100 Mbps, with 1 kB frame

size. As in the analysis of Section 3.2.4, the airtime required includes PIFS, SIFS,

the time to send the trigger message, and the time for all LiRa clients to transmit

feedback.

Figure 3.14 depicts the computed Wi-Fi airtime required by LiRa feedback vs.

feedback trigger time for this scenario. We consider the lower and upper bounds of

the channel access delay for the AP’s trigger message: Figure 3.14(a) corresponds to

zero access delay for the AP so that the AP transmits the trigger message immediately

after the message is enqueued, whereas Figure 3.14(b) considers this message to be

delayed by the time taken for a 1kB frame to transmit at the Wi-Fi base rate of

6 Mbps. We select this time as the frames of the legacy users in our over-the-air

experiments are 1kB size and the longest delay corresponds to the frame transmission

at base rate.

Figure 3.14(a) indicates that when there is a single client with VLC downlink data

rate 10 Mbps, the feedback airtime is independent of the feedback trigger time because

each symbol in 802.11 6 Mbps MCS contains 24 bits. Hence, an ARQ feedback frame

containing a single ACK bit and a frame containing 24 ACK bits takes the same time

to transmit; likewise for byte boundaries.

In contrast, with 10 VLC clients at 100 Mbps each, client feedback requires sig-

nificantly more airtime. Consequently, with zero access delay, 1 msec trigger time

is undesirable as it would require 0.63 msec of feedback for each 1 msec of Wi-Fi
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Figure 3.14: Computed airtime used by LiRa for varying access delay between expi-
ration of the trigger timer and transmission of the feedback trigger message: (a) zero
delay (b) 1.3 ms delay.
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transmissions i.e., up to 39% share of airtime. Hence, with a larger number of LiRa

clients, the trigger time must also be increased. Nonetheless, the increase in trigger

time is not for free as the required feedback data also increases with trigger time, e.g.,

the airtime increases 3.84 times as the trigger time increases by 10 times from 1 ms

to 10 ms.

Figure 3.14(b) corresponds to the maximum access delay for the trigger message

in which the AP must first wait for the transmission time of a 1kB frame in the

Wi-Fi channel at the base rate of 6 Mbps. In this case, the airtime required per trig-

ger message is higher in comparison to the corresponding scenarios in Figure 3.14(a)

due to the increase in feedback data for the downlink VLC frames received between

enqueueing the AP’s trigger message and the AP winning contention. However, this

increased airtime does not necessarily lead to increased fraction of airtime in com-

parison to zero delay case. For example, for 10 clients at 100 Mbps each, a 1 msec

trigger time requires 0.91 msec of feedback for each 1 msec of Wi-Fi transmissions

i.e., up to 28% of airtime.

3.4.3.2 Feedback Trigger Time

Here, we turn from bounds to measurements and vary the feedback trigger time,

which not only impacts the airtime reserved for the VLC ARQ feedback transmis-

sions but also the frequency at which the airtime is reserved. We configure a single

continuously backlogged uplink Wi-Fi traffic flow with PHY rate configured to 18

Mbps and measure its throughput with and without ASMA.

Figure 3.15 depicts the measured decrease in Wi-Fi throughput vs. the feedback

trigger time for varying number of LiRa clients. First, as discussed in Section 3.2,

legacy Wi-Fi throughput degradation decreases inversely proportional to feedback

trigger time. This is because the airtime required for ARQ feedback messages in-
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Figure 3.15: LiRa’s feedback trigger time impact on Wi-Fi throughput degradation
using over-the-air measurements.

creases at a much slower rate than the increase in trigger time, as only one ACK bit

is added for every data packet received in the downlink. For example, with a data

rate of 10 Mbps in the VLC downlink, a 1kB frame requires 819.2 µsec to transmit.

Corresponding to this frame, a single ACK bit added would take 0.17 µsec of the

Wi-Fi airtime. Second, Wi-Fi throughput degradation increases with the number of

LiRa clients independent of the trigger time, with higher variance for short trigger

times. This is because with short trigger times, the client feedback time is a signifi-

cant factor (as high as 92% for 1 msec triggers) in the airtime utilized by LiRa in the

Wi-Fi channel and this feedback scales linearly with the number of clients as defined

in Equation (3.1).

3.4.4 Feedback with Per-Client Contention

To analyze the gains provided by ASMA’s strategies of spoofed NAV and multi-client

scheduled feedback, we compare ASMA’s performance with an alternative strategy

employing client-driven feedback.

We define Per-client Contention (PCC) as a feedback mechanism in which each

VLC client independently contends via 802.11 to transmit feedback, such that VLC
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feedback is treated as an encapsulated Wi-Fi data frame. This approach contrasts

with ASMA in that because the AP has not provided a spoofed NAV to allow feedback,

the PCC clients providing feedback must contend independently. Consequently, the

total feedback contention on the radio channel is once per client vs. once per trigger

time. Nonetheless, we do not require PCC clients to contend for each downlink VLC

frame. Instead, a PCC client begins contention as soon as it has feedback to send

to minimize the response delay. Also, each PCC client opportunistically aggregates

ARQ feedback up to the time that it obtains channel access for sending the feedback

message. Thus, similar to LiRa, PCC uses a bitmap representation with opportunistic

aggregation of feedback information up to the time that the client transmits.
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Figure 3.16: Response Delay performance of Per-Client Contention in different Wi-Fi
channels.

We configure a single legacy user with fully backlogged traffic for the AP and a

varying number of VLC clients. Fig. 3.16 depicts the average response delay of PCC

vs. the number of VLC clients in different Wi-Fi channels. First, when there is a

single client in the network, the response delay is less than 10 ms in all channels

comparable to LiRa’s response delay. When the VLC client size increases to 2, the

response delay in channel 1 increases to 35 msec. This is due to the uncontrollable,

ongoing transmissions in this channel during this experiment run. In contrast, the
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response delay in channels 14 is still below 10 msec. In this channel, not only does the

client have negligible interference from other transmissions but also there is a high

probability of winning contention as there is just a single legacy user associated to its

AP. Second, with an increase in the number of clients, PCC’s response delay in all

channels increases highlighting the strong impact of contention on the response delay

performance of PCC. This increased delay results from the airtime lost in collisions

among the PCC feedback and with the uplink data packets of legacy user. Third,

increasing from three to four clients results in a decrease in mean response delay for

channel 48 and a negligible change in channel 14. This is because although there is

increased probability of collisions, there is also increased probability of a VLC client

(vs. the legacy user) winning the contention for VLC ARQ feedback transmission.

In contrast, channel 1 being used for commercial operation has the additional effect

of co-channel interference resulting in an increase in response delay.
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Figure 3.17: Wi-Fi throughput degradation comparison between LiRa and Per-Client
Contention model.

Finally, we compare PCC to ASMA and Fig. 3.17 depicts measured Wi-Fi

throughput degradation vs. the number of VLC clients. First, as discussed in Section

3.2, for LiRa, legacy Wi-Fi throughput degradation decreases inversely proportional

to feedback trigger time. This is because the airtime required for ARQ feedback mes-
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sages increases at a much slower rate than the increase in trigger time, as only one

ACK bit is added for every data packet received in the downlink. For example, with

a data rate of 10 Mbps in the VLC downlink, a 1kB frame requires 819.2 µsec to

transmit. Corresponding to this frame, a single ACK bit added would take 0.17 µsec

of the Wi-Fi airtime. Second, for LiRa, Wi-Fi throughput degradation has higher

variance for short trigger times. This is because with short trigger times, the client

feedback time is a significant factor (as high as 92% for 1 msec triggers) in the air-

time utilized by LiRa in the Wi-Fi channel and this feedback scales linearly with the

number of clients as defined in Equation (3.1). Third, the results indicate that PCC

consistently has over 7 times the degradation of LiRa, independent of the number

of VLC clients and LiRa trigger time. When there is a single VLC client, the PCC

client attempts to win the channel immediately after receiving the first packet since

the last PCC feedback transmission. This leads to 47% degradation of legacy Wi-Fi

throughput. As the VLC client size increases, the increased occupancy by the VLC

clients for their independent PCC feedback frames and the additional time lost due

to collisions leads to 74% degradation in Wi-Fi throughput. In contrast, LiRa has

a maximum degradation of 7% when the trigger time is as low as 1 ms. Hence, in

contrast to PCC, ASMA provides a responsive and scalable feedback mechanism.

Finding: With feedback trigger time of 5 msec, LiRa can reduce the response delay

by a factor of 15 and reduce the legacy Wi-Fi througput degradation to 3% from an

excessive value of 74%.



Chapter 4

LiSCAN: Visible Light Uni-Directional Control

Channel for Uplink Radio Access

4.1 Background

In this section, we discuss the contention-free access and packet detection mechanisms

in 802.11 standard.

Point-Coordination Function (PCF). 802.11 PCF enables the AP capability

to provide centralized contention-free access to the sensors. The periods of contention-

free service are alternated by the standard random access contention periods. PCF

begins with the AP aggressively gaining access to the channel by transmitting a

802.11 beacon PIFS (SIFS + 1 slot time) duration after the channel becomes idle.

This beacon includes the maximum possible duration of the current contention-free

period. Accordingly, the sensors set their timer to defer from contention-based access.

The AP maintains a polling list of associated stations and polls in a round-robin

manner. For efficiency, acknowledgement for received frames at the AP and polling

of immediate next sensor may be combined. If a polled sensor has no backlogged data,

the sensor does not transmit any frame and the AP transmits next poll request after
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Figure 4.1: 802.11 contention-free period timeline.

PIFS duration (25 µs). This PIFS duration includes (a) one slot time (9µs) consisting

of preamble-based packet detection and (b) SIFS duration (16µs) for AP to switch

from receive mode to transmit mode. The contention-free period ends when the AP

transmits a CF-End management frame leading to the start of a contention period.

Figure 4.1 illustrates the functioning of PCF. sensors A and D have backlogged data

whereas sensors B and C have no backlogged data.

4.2 LiSCAN Architecture

In this section, we present the design principles of LiSCAN ’s hardware and software

architecture to enable VLC uni-directional control for uplink contention-free access.

Moreover, we discuss an example deployment scenario and protocol stack.

4.2.1 Hardware and Network Architecture

We design an indoor WLAN [20] that dual purposes luminaries for communication.

A typical deployment scenario as illustrated in Fig. 4.2 has multiple LED lighting

sources used to illuminate a room. The luminaries are typically distributed spatially

solely for illumination objectives in order to avoid large shadows associated with a

single point source. To enable maximum reliability of light-poll, the LiSCAN AP
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Figure 4.2: Example LiSCAN scenario.

controls these LEDs and groups multiple sources together as a single broadcast trans-

mission. The AP is only required to transmit but not receive via VLC, as the LiSCAN

AP need not be equipped with photo diodes. For the downlink data transmission and

uplink reception, the LiSCAN AP utilizes legacy Wi-Fi hardware and custom software

as described below.

LiSCAN sensors are equipped with a VLC wake-up receiver system [26, 27] for

reception of VLC signals. The LiSCAN sensor uses VLC for all downlink polling

control barring outage or failure. At the same time, LiSCAN sensor uses legacy Wi-

Fi hardware and custom software for uplink control (such as ACKs and channel state

reports) and data.

4.2.2 Software and Protocol Stack

LiSCAN provides a side-by-side light-radio protocol stack integrated via a common

IEEE 802.2 interface. Consequently, as illustrated in Fig. 4.3, LiSCAN provides an

abstraction of a single layer-2 hardware interface to higher layers. The unified inter-
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Figure 4.3: LiSCAN architecture and polling traffic flow.

face is critical to realizing a fast VLC control channel for uplink Wi-Fi transmissions.

From the data flow perspective, the polling for LiSCAN sensors is performed over

VLC only. The light-polls are transmitted at the base rate similar to a poll transmis-

sion over radio. The primary functions of the VLC downlink MAC are scheduling,

framing, and PHY adaptation. The VLC MAC is not contention based as ambient

light sources not controlled by the AP are considered to be interference. LiSCAN can

employ any physical layer, including [6, 5, 46]. Frames addressed to the sensor are

processed up the protocol stack as illustrated in the figure.

Uplink data frame is transmitted via legacy Wi-Fi in the same way that legacy

stations transmit. Moreover, uplink data is acknowledged by the LiSCAN AP using

VLC to minimize the radio airtime overhead involved in AP switching from receive

mode to transmit mode and back. In this manner, the AP can transmit ACK over

VLC as soon as it completes decoding a received data frame over radio.
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Next, we describe the structure of the uplink data frame. Because the sensor

only transmits backlogged data in response to the AP’s light-poll, we employ frame

aggregation all the frames forwarded from the 802.11 MAC to the LiSCAN Polling

and Aggregation sub-layer. This is in contrast to polling the sensor multiple rounds

wherein each round the sensor only transmits a single frame.

4.3 LiSCAN Design

Utilizing the virtual full-duplex operation of VLC (transmit mode) and radio (receive

mode) at AP, LiSCAN minimizes the radio airtime overhead. In this section, we

present the key concepts of LiSCAN’s pipelined VLC polling. Second, we analyze the

bounds of overhead reduction achieved by LiSCAN.

4.3.1 LiSCAN’s Pipelined VLC Polling

To realize a scalable contention-free uplink access by polling over VLC, we design

LiSCAN whose timeline is illustrated in Figure 4.4. The key strategies of LiSCAN

are as follows:
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Initial VLC-RF Alignment. In LiSCAN, the AP begins CFP by gaining access

to both RF and VLC channels. Over RF, similar to 802.11 PCF, AP aggressively

transmits a beacon frame PIFS duration after channel becomes idle to brodcast start

of CFP. Throughout the contention-free period in LiSCAN, the sensors are solely

in transmit mode on Wi-Fi radio and the AP is solely in receive mode over Wi-Fi.

This is to eliminate the time spent in switching from transmit mode to receive mode

and vice versa. To minimize the airtime lost in RF while transmitting light-poll to

first sensor in schedule, our key strategy is to align both the transmissions such that

light-poll to first sensor in schedule ends SIFS duration after the end of CFP start

beacon. This scenario represents CFP start beacon over RF and light-poll to sensors

A in Figure 4.4. The additional SIFS duration is required for sensor A to switch from

receive to transmit mode.

Pipelined Polling. A simple approach (as in 802.11 PCF) to poll the next

sensor in schedule is to wait until the occurrence of the following event: (i) the end

of an ongoing data- ACK exchange or (ii) wait for PIFS duration (includes one slot

time for packet detection and SIFS duration for AP RX-to-TX switch). Clearly, this

can lead to significant polling overhead when only a small percentage of sensors have

backlogged data. In LiSCAN’s design, we take advantage of the virtual full-duplex

operation of VLC (transmit mode) and radio (receive mode) at AP. Our key strategy

is to transmit light-poll to next sensor in schedule immediately after end of light-

poll to the current sensor. Also, at the end of a light poll transmission, we begin

a packet detection countdown timer that begins from an initial value matching the

packet detection time (20 µs in IEEE 802.11). Depending on whether the AP detects

an uplink transmission or not, LiSCAN behaves in the following manner:

(a) No packet detected. If the current sensor (sensor A) has no backlogged data,

then it won’t transmit any data corresponding to the light-poll it receives. Con-
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sequently, the AP fully transmits the light-poll for next sensor (sensor B) with no

abortion as it does not detect any 802.11 frame. Upon hearing its light-poll, the next

sensor can transmit any backlogged data as soon as it decodes the VLC poll. In this

scenario, LiSCAN eliminates the overhead involved in waiting for detection of uplink

data frame before transmitting next light-poll. This scenario represents light-polls to

sensor A and sensor B in Figure 4.4.

(b) Packet detected. As soon as the AP detects the current sensor’s (sensor B)

transmission, it computes the transmission time of the ongoing uplink frame from

sensor B. If this transmission time is longer than that of the ongoing light-poll trans-

mission to next sensor (sensor C), the AP will immediately abort the light-poll trans-

mission. As the light poll transmission time is longer than the 802.11 packet detection

(20µs), the light poll to next sensor is not fully transmitted before abortion. In fu-

ture, if the VLC rate becomes faster, additional payload can be added to ensure

the transmission time of light-poll is at least longer than the 802.11 packet detec-

tion time. Consequently, the next sensor does not transmit any backlogged data.

Through this light-poll abortion, we prevent any uplink collisions at the AP. This

scenario represents light-polls to sensors B and C in Figure 4.4.

ACK over VLC. In LiSCAN, we utilize VLC instead of radio for ACK trans-

missions corresponding to successful uplink data reception. This serves two pruposes:

First, by transmitting over VLC, LiSCAN eliminates the radio airtime lost in AP

switching from receive mode to transmit mode for ACK transmission and back to

receive mode for future data reception. Second, by transmitting over VLC, the next

sensor in schedule can transmit backlogged data over radio concurrently with ACK

transmission over VLC. To achieve this, LiSCAN utilizes the PHY header of ongoing

uplink data transmission to find out the time at which this transmission ends. As the

light-poll to next sensor in schedule was aborted upon hearing the ongoing transmis-
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sion’s preamble, LiSCAN begins the retransmission of next sensor’s light-poll to end

at the same time as ongoing uplink transmission. In this manner, if the next sensor

has backlogged data, it can begin the data transmission as soon as it decodes the

light-poll. Concurrently, the AP can transmit the ACK if it successfully receives the

uplink data frame. Accordingly, the next light-poll will be transmitted after the ACK

transmission. On the other hand, if the AP doesn’t receive the frame successfully,

then it won’t transmit an ACK and the next light-poll in schedule is transmitted

immediately after decoding reception failure. In Figure 4.4, we illustrate the align-

ment of light-poll to sensor C with the end of data transmission from sensor B. After

successful decoding of sensor B’s data, AP transmits the corresponding ACK over

VLC followed by light-poll to sensor D.

Preemptive Uplink Interference Avoidance. sensors’ uplink transmissions

could suffer from channel fading or co-channel interference from neighboring Wi-Fi

cells and other co-existing technologies. In 802.11 PCF, when the AP fails to de-

tect the preamble of a sensor’s uplink transmission, it waits for PIFS duration before

transmitting next poll. If the next sensor has backlogged data and transmits to the

AP, it would lead to reception failure at the AP due to the multiple concurrent uplink

transmissions. In a saturated traffic scenario, such interference can lead to signifi-

cant loss in radio airtime. In LiSCAN, for the same scenario of preamble detection

failure, the AP assumes there is no data transmission from current sensor and conse-

quently completes the transmission of light-poll to the next sensor without abortion.

To prevent collision at the AP, in LiSCAN, the current sensor pre-emptively aborts

its ongoing data transmission upon hearing a fully-transmitted light-poll to next sen-

sor. In this manner, LiSCAN eliminates collision of uplink data transmissions from

multiple sensors due to preamble detection failure. This scenario is represented by

the abortion of data transmission from sensor D on hearing the light-poll for sensor
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E.

4.3.2 Packet Detection Sensitivity

An important component of LiSCAN is the uplink packet detection. When an up-

link packet is detected, LiSCAN aborts the light-poll transmission before it is fully

transmitted. The physical carrier sensing in 802.11 is conducted by the Clear Chan-

nel Assessment module that determines the idle/busy status of the radio channel.

OFDM PHY Clear Channel Assessment utilizes the amount of received energy at the

Radio-Frequency module and preamble-based detection to detect valid 802.11 signals.

The initial part of the preamble consists of ten identical sequences of Short Training

Symbols of length 16 samples each of duration 0.8 µs obtained by OFDM modulation

of known pseudo-random noise (PN) sequences. The AP can detect the start of an

802.11 packet by correlating the received signal with known PN sequences. The key

advantage of a PN sequence is the sharp distinct peak that it provides exactly when

the input signal to the correlator matches the PN sequence. The IEEE 802.11 stan-

dard mandates that, when a 802.11 receiver senses a 802.11 signal whose energy is

above the Clear Channel Assessment threshold of - 62 dBm, the preamble detection

probability has to be ≥ 90% in an observation time window of 4µs.

Following the coarse synchronization using preamble detection, the Long Train-

ing Symbols in the preamble undergo cross-correlation for channel estimation, fine

frequency offset estimation, and fine symbol timing offset estimation. False pream-

ble detection may occur either due to thermal noise or due to devices of co-existing

technologies operating in the same radio band. Commercial WLAN devices cope

with false packet detection through dynamic adaptation of correlation thresholds for

detection and synchronization. Even after the correlation checks, an invalid 802.11

signal would fail the CRC-16 parity check on the PHY header leading to medium
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status reset to idle [50]. In our scenariom, even when a sensor is transmitting a valid

802.11 frame to the AP, strong interference on the same radio channel might lead to

failure in packet detection at the AP. In Section 4.5, we show that LiSCAN’s pre-

emptive interference avoidance helps minimize the performance degradation due to

packet detection failure at the AP independent of the interference level.

4.3.3 Light-Poll Analysis

In 802.11 PCF, the radio airtime lost in polling a non-backlogged sensor is the sum

of poll transmission time and PIFS duration of idle waiting (135µs). A significant

percentage (81.5%) of this lost time is spent in the transmission of poll. In contrast,

by transmitting the next light-poll in a pipleined manner can provide significant

reductions in overhead. Next, we analyze the overhead reduction brought about by

LiSCAN for different scenarios.

Standard Specification Value
Poll Payload 418 bits
Preamble 124 bits
PHY header 32
Modulation On-Off Keying
Min. Optical Clock Rate 15 MHz
Lowest data rate 6 Mbps

Table 4.1: 802.15.7 frame timing and data rates.

To compute the poll transmission time over VLC, we utilize the same polling pay-

load size as in 802.11 PCF. We incorporate the rest of the frame components sizes

and data rates as defined in the 802.15.7 standard and provided in Table 4.1. The

VLC packet preamble consists of a fast locking pattern (64 bits) and four topology

dependent patterns (15 bits each). The PHY header consists of 32 bits including in-

formation about operating channel, MCS index, optional dimming extension etc. For

high rate ON-OFF Keying (OOK) modulation, the PHY header for On-Off Keying
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modulation can be sent at one of the following data rates: 6 Mbps, 12 Mbps, 24

Mbps and 48 Mb/s, depending on the selected optical clock rate. The preamble and

headers are required by the standard to be transmitted at the lowest data rate for

a chosen optical clock rate. Assuming the same rate of 6 Mbps as chosen for 802.11

PCF, the transmission time of a light-poll is equalt o 110µs. Next, we discuss the

range of radio airtime spent idly during light-poll transmission:

(i) Best case: This represents the light-poll to sensor C that aligns its end with

the end of data transmission from sensor B in Figure 4.4. Therefore, sensor C can

transmit any backlogged data immediately resulting in zero airtime lost. When most

sensors in the network have fully backlogged traffic, LiSCAN incurs zero radio airtime

for light-poll transmissions thus achieving maximum efficiency.

(ii) Worst case: This represents the light-poll to sensor B following the light-poll

to sensor A in Figure 4.4. As sensor A had no backlogged data, there is no poll reply

from sensor A. Therefore, the radio channel is idle during the entire transmission of

light-poll to sensor B. In this case, this is equivalent to a poll transmission over RF.

However, LiSCAN might still reduce the overhead in case sensor B has no backlogged

data. This is because in LiSCAN the light-poll for sensor C immediately follows

light-poll for sensor B instead of waiting for PIFS duration as in 802.11 PCF.

(iii) Interference case: In case of preamble detection failure of an uplink data

frame, the AP doesn’t abort the light-poll to next sensor. As that uplink data frame

will be aborted after the sensor receives the light-poll for next sensor, this data does

not account for successful data received by AP. Therefore, this light-poll transmission

to next sensor will be considered as radio airtime overhead and is equivalent to the

worst case described previously.
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4.4 LiSCAN Simulation Framework

To analyze LiSCAN’s performance for varying network conditions and to compare it’s

performance against alternative strategies, we utilize ns-3 network simulator [51]. In

this section, we briefly describe our ns-3 implementation of LiSCAN and alternative

strategies, the traffic generation model at the LiSCAN sensors and radio interference

model.

4.4.1 Protocol Simulation

To simulate contention-free access in ns-3, we implement a base ns-3 MAC contention-

free access model on top of the existing 802.11g Wi-Fi PHY implementation. For

channel fading, we utilize the NIST model, an OFDM error rate model that has been

validated experimental results from physical-layer testbed [52]. We inherit the base

contention-free model to implement the different protocols as follows:

LiSCAN. To simulate the uni-directional VLC downlink, we utilize a Wi-Fi chan-

nel different from the channel used for the uplink data transmission from the sensors.

As cross-channel interference is non-existent in the basic Wi-Fi PHY implementation

of ns-3, the VLC downlink and radio uplink are treated as non-interfering bands. In

LiSCAN, the radio module is turned on exclusively for the data transmission.

Contention-free radio access. In contrast to LiSCAN, in contention-free radio-

only strategy, the same Wi-Fi channel is used for transmission of downlink control

packets from the AP including poll and ACK and uplink data packets from the sensors.

This is simialr to the Contention-free radio access mechanism descibed in Section 4.1.

In this strategy, the radio module is turned on when the sensor has backlogged traffic

and during the data-ACK exchange.

Contention-based radio access. This strategy performs 802.11 contention-

based access for uplink data transmissions from the sensors. Similar to contention-
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free radio access, the radio module is turned on for contending on the channel for

backlogged traffic and data-ACK exchange.

4.4.2 Uplink Data Traffic Model

To simulate realistic Internet traffic, we utilize the Poisson Pareto Burst Process

(PPBP) [53] model that has been validated to match the statistical properties of real-

life IP networks. This model is based on the overlapping of multiple traffic bursts.

The arrival of each traffic burst follows a Poisson distribution. It has been shown

that the distribution of the sizes of files transmitted across the Internet is heavy-

tailed [54]. Therefore, the burst length is modeled by Pareto distribution with infinite

variance resulting in a long-range dependent traffic model. The Pareto distribution

is characterized by a Hurst parameter that defines the shape of the distribution. The

typical values for this Hurst parameter lie between 0.5 and 0.9.

As our focus is on contention-free access for uplink data transmissions, we con-

sider packets arrive at the uplink MAC queue of each sensor independently following

the PPBP model. In LiSCAN, under high traffic conditions, the light-polls are trans-

mitted concurrently with uplink data transmission resulting in a low overhead. To

analyze the overhead reduction in comparison to Contention-free radio access, in our

simulations, we consider varying mean burst arrival rates at the sensors.

4.4.3 Simulation Setup

Using the models described above, we perform simulations under varying network

conditions of sensor size, the percentage of sensors with traffic during the contention-

free period and the mean burst arrival rate. We fix the mean burst time length

of PPBP process to a value of 10 milliseconds. We consider 10 bytes generated by

the burst process model and with a maximum aggregation of 100 bytes for data



89

transmission. For each combination of network conditions, we perform over 1000

runs of 100 ms each separately for LiSCAN and alternative strategies. We consider

the polls, light-polls and ACKs are transmitted at the base rate of 6 Mbps. For the

uplink data transmission, we consider the sensors can transmit at 54 Mbps. In each

contention-free period for both LiSCAN and Contention-free radio access, the polling

is performed in a round-robin manner and the schedule is selected randomly using a

uniform distribution. For each run, we obtain the following performance metrics:

Mean channel access delay. We define channel access delay as the time be-

tween a packet arrival to sensor’s uplink MAC queue and corresponding over-the-air

transmission. This delay does not include the retransmission delay as our goal is to

analyze the delay due to the polling protocol in polling a sensor. When a sensor’s

packet fails to be received successfully by the AP, the AP does not transmit any ACK

corresponding to that data frame. Accordingly, the failed packet is added back to

the transmission queue and is considered a new packet in the queue for our analysis.

The mean channel access delay of a contenton free period run is the mean of channel

access delay across every uplink data packet transmitted during the run.

Throughput. We define the throughput in a contention-free period as the total

successful uplink data received by the AP divided by the duration of the contention-

free period.

Energy Consumption. The mean energy consumption for which the radio mod-

ule of a sensor is awake. In LiSCAN, the sensor is awake on the radio only for the data

transmission. In contrast, in the alternative strategies, the radio is awake whenever

there is backlogged traffic and for the data-ACK exchange. For the contention-based

access, we utilized the default WiFi Radio Energy model implemented in ns-3. For the

energy consumption in contention-free strategies, the power consumption in different

states of sensor was modeled utilizing existing research works [55, 56, 57].
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4.5 LiSCAN Evaluation

With increasing number of sensors generating traffic, we expect negligible change in

the polling overhead for LiSCAN and contention-free radio access. This is because

the AP is oblivious of the traffic generation at the sensors and therefore includes

every sensor in its polling schedule. In contrast, in contention-based access, only

the sensors generating traffic take part in the contention procedure. With increasing

traffic burst arrival rate at the sensors, we expect the probability of a polled sensor

to have backlogged data to increase leading to increased radio channel utilization

for contention-free strategies. In this section, we analyze LiSCAN’s performance

under varying network conditions and also compare its performance with alternative

strategies. Unless stated otherwise, for every figure in this section: (a) each sub-plot

corresponds to a particular ratio of the sensors generating any traffic and (b) the

x-axis in each sub-plot represents the varying mean burst arrival rate at the sensors

generating traffic during a runtime of 100 milliseconds. We define the ratio of sensors

generating any traffic during a run as sensor ratio.

4.5.1 Radio Access Delay

In Figure 4.5, we analyze the impact of the sensor ratio and the traffic arrival rate

on the channel access delay. With low traffic burst rates and low sensor ratio, the

contention-based access has the lowest access delay as the sensor generating traffic

does not suffer from collisions and binary exponential backoff. In contrast, the radio-

only contention free strategy has the highest delay as significant airtime is spent in

polling sensors with no traffic. With moderate to high traffic burst rates independent

of the sensor ratio, contention-based approach incurs a steep increase in access delay.

This is because of the increased contention-based collisions and consequent exponen-

tial backoff for retransmissions. In contrast, there is only a slight increase for the
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contention-free strategies as they do not suffer from collisions. The slight increase

in contention-free strategies is due to the increased radio utilization for uplink data

transmission.

Figure 4.5: Mean channel access delay vs traffic burst arrival rates for varying sensor
ratios.

4.5.2 Throughput

In Figure 4.6, we analyze the impact of the sensor ratio and the traffic arrival rate on

the aggregate uplink throughput at the AP. With low sensor ratio, indpendent of the

traffic burst rate, the contention-based access provides the highest throughput. This

is because the contention-based strategies spend significant airtime polling sensors

with no backlogged traffic. With moderate to high traffic rates, we observe LiSCAN

provides significant improvement in throughput compared to other strategies. Unlike

contention-based access, the sensors in LiSCAN do not contend and transmit their

data as soon as they receive a light-poll intended for them. Unlike radio-only con-

tention, the increased radio utilization enables LiSCAN to transmit the light-polls

and ACKs over VLC concurrently with uplink radio transmissions. In this man-

ner, LiSCAN increases the radio airtime for uplink data transmissions compared to

radio-only contention-free strategy.

Finding: LiSCAN’s virtual full-duplex operation provides up to 5 times higher
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aggregate throughput over contention-based strategy during high traffic conditions in

dense sensor networks.

Figure 4.6: Aggregate throughput vs traffic burst arrival rates for varying sensor
ratios.

4.5.3 Radio Awake Time

In Figure 4.7, we analyze the impact of the sensor ratio and the traffic arrival rate

on the mean time for which the radio is awake in LiSCAN. First, independent of the

sensor ratio and traffic rate, the mean awake time of a sensor in LiSCAN is less than

0.5 ms for a contention-free period of 100 ms (less than 0.5%). This low awake time

is due to the radio module of a sensor being turned on in LiSCAN only for the uplink

data transmission. Even if the sensor has backlogged traffic, the wake up receiver

keeps the radio off until receiving a light-poll intended for this sensor. Moreover, the

VLC wake-up receiver receives the ACK for a just concluded uplink data transmission

instead of the sensor’s radio. Second, for a given traffic ratio, the mean awake time

increases with increasing sensor ratio. This is because of the increased number of

sensors generating traffic during the contention-free period. Third, with increasing

traffic rates, the awake time increases as the data generated by sensors generating

any traffic increases.

Finding: LiSCAN’s utilization of VLC channel for radio control results in near-
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zero energy consumption on the radio channel.

Figure 4.7: Mean energy consumption per active sensor in LiSCAN vs traffic burst
arrival rates for varying sensor ratios

In Figure 4.7, we compare the radio awake time of LiSCAN and other strategies

for varying traffic rates and sensor ratios. First, compared to LiSCAN, the radio-

only strategies have significantly higher awake time. This is because the radio of

a sensor is on (a) when it has backlogged traffic, (b) uplink transmission and (c)

ACK reception. Second, for low and moderate sensor ratios, the contention-based

approach has higher awake time during high traffic rates because of increased waiting

time during contention. Third, when the sensor ratio is high and the traffic rate is

high, we observe both the contention-based and contention-free strategies converge in

their radio awake time. This is because of the increased data generation in the radio

only contentionf-free strategy.
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Figure 4.8: Mean energy consumption per active sensor vs traffic burst arrival rates
for varying ratios of sensors with traffic.



Chapter 5

Related Work

5.1 Scalable Directional Multicast at 60 GHz

To the best of our knowledge, this thesis presents the first 60 GHz multicast protocol

incorporating the overhead in training and beam grouping.

Multicast Communication. Few works have presented algorithms for optimal

beam scheduling [58, 59] and beam grouping [60]. With multiple RF chains, users can

be localized in distance and angle [60] and beams can be shaped non-symmetrically

[58]. In contrast, we focus on multicasting with a single-lobe pattern generation, as

it requires only a single RF chain as all state-of-the-art commercial 802.11ad chipsets

employ.

Unicast Beamforming. A few recent works present solutions to reducing 60

GHz beam training overhead with the objective of establishing a fine beam unicast

link. The protocol in [61] optimizes the codewords used in the wider beam levels

using signal strength gradient change techniques. In our work, as the training is

conducted for all clients at the same time, the gradient changes in the beacon signal

strengths could be highly uncorrelated across the different clients thereby preventing

gradient-change based optimization. Beamforming techniques are presented in [62] to
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find a strong unicast link inspite of imperfect quasi-omni patterns. The wider beam

training is altogether skipped in [63] by training in legacy Wi-Fi band instead. In

our work, the 60 GHz channel gain information even for a wide beam is important in

finding an efficient beam group.

Distributed Multicast. Distributed peer-to-peer multicast [9, 64, 65] can po-

tentially reduce the transmission time to an order of O(logN) where N is the mul-

ticast group size. First, this does not include the quadratic increase in the beam

training time as the finest beam level training needs to be conducted between every

pair of clients in the multicast group. Second, using all the pairwise beam train-

ing information, there is additional complexity involved in the tree construction for

the multi-hop multicast scheduling. Third, typically, both the transmission power

and number of antennas are lower at the client compared to the AP. Therefore, the

AP’s antenna gains might not be available for client-to-client communication lead-

ing to longer transmission times. Fourth, the latency arising out of random access

contention, retransmissions and multi-hop communication might degrade the perfor-

mance for real-time applications such as high-definition video streaming.

60 GHz network simulator. Existing 60 GHz simulation frameworks as in ns-3

[66] do not implement multi-level 60 GHz codebook design and non-linear effects of

reflection and blockage. These effects lead to non-monotonicity and unreachability in

codebook tree traversal as observed in our measurement study. In contrast, our SDM

implementation enables us to incorporate the impact of a multi-level codebook at

AP, reflection and blockage effects through our measurements in an indoor conference

room environment with several reflective and blockage elements.
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5.2 Visible Light CommunicationWLAN withWi-

Fi Uplink

VLC Only Networks. A software-defined VLC system including a bi-directional

VLC link with On-Off keying modulation is presented in [4]. Likewise, Li-Flame is a

commercial VLC system with 10 Mbps downlink up to 3 meters and 10 Mbps uplink

via infrared [17]. Moreover, significant progress has been made towards advancing

the physical layer of VLC communication for non-laser-based incoherent transmission.

For example, the fastest VLC link as of this writing is a custom 3.25 Gbps system

based on Single Carrier Frequency Domain Equalization utilizing an RGB LED [67].

Today’s VLC standards such as IEEE 802.15.7 [46] also employ visible light for both

the uplink and downlink.

In addition to WLANs, low-power devices with kbps-scale data rate capabilities

have been designed for sensor networks and Internet of Things applications. Examples

include a novel PHY and VLC MAC layer for energy efficient LED-to-LED commu-

nication [3], duplex, battery-free communication using a retro-reflector fabric that

backscatters light [68], and OpenVLC, an open source software-based VLC research

platform based on BeagleBone [4].

In contrast, LiRa overcomes inherent limitations of infrared or visible light LED-

based communication applied to uplink WLAN access. Namely, as we experimentally

demonstrated in Section 3.4, while the illumination objective of the downlink ensures

that the LED transmitters of the AP have wide aperture, large field of view, and

high transmit power, LEDs on the client device have none of these benefits [10].

Namely, the limited size, power, and aperture of the mobile client’s LED transmitter

can severely constrain field of view, thereby limiting data rate or even breaking the

uplink. Consequently, mobility and rotation of user devices might lead to significant
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throughput reductions or blockages.

Integrated VLC-RF Networks. VLC and RF have been jointly used in prior

work: VLC was proposed as an additional directional channel to offload RF broadcast

traffic in congested networks [69]; load balancing between VLC and RF interfaces was

optimized in [70]; horizontal and vertical handover mechanisms between VLC and RF

networks were designed in [71]; VLC transmission order was proposed to mirror Wi-Fi

transmission order, as the latter will have already resolved contention [72]; routing

and address spoofing at the IP layer was demonstrated to integrate VLC and Wi-Fi

at layer three [73]. In contrast, LiRa is the first system to integrate VLC and RF at

the MAC layer, and hence is the first system to provide a virtual feedback channel for

VLC via Wi-Fi. Nonetheless, the aforementioned works are complementary to LiRa

and can be used to enhance LiRa at other layers.

Centralized Scheduling. In existing centralized scheduling protocols such as

802.11 point coordination function (PCF), the AP polls a single client for data and

not the ACK as the ACKs are reserved by the 802.11 mechanism. Also, the AP

doesn’t have knowledge of clients’ backlogged traffic and therefore cannot reserve the

channel for fully backlogged traffic from multiple clients. In contrast, in ASMA, the

LiRa AP is able to trigger and reserve the channel for the complete duration of fully

backlogged VLC feedback transmissions from multiple clients utilizing the downlink

VLC scheduling information.

VLC Services and Devices. Lastly, there is an emerging body of research on

employing VLC for sensing or localization and employing cameras as receivers. For

example, a VLC module was designed to locate a user’s finger within a workspace

with one-centimeter precision [74]. Likewise, a VLC sensing system can reconstruct

the 3D human skeleton postures from 2D shadow information [75]. Further, cameras

were demonstrated as receivers in [76, 77]. With the addition of photo diode receivers
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to increase data rate, LiRa can be deployed in parallel with such applications to

jointly communicate while also providing such services.

5.3 VLC Uni-Directional Control Channel for contention-

free radio access

QoS-aware Scheduling. Protocols such as Hybrid Coordination Function (HCF)

[78] in 802.11e standard have extended 802.11 PCF with QoS-aware scheduling. In

such protocols, each traffic flow belongs to a particular traffic category depending on

the application and mean QoS requirements. Accordingly, the scheduling is optimized

to maximize the QoS metrics. To achieve this QoS-aware scheduling, a separate

contention-based period is conducted before the contention-free period to make the

AP aware of the sensors’ QoS requirements. LiSCAN can work in conjunction with

such QoS-aware scheduling algorithms to further improve the contention-free period

performance.

Integrated VLC-RF Networks. VLC and RF have been jointly used in prior

work: VLC was proposed as an additional directional channel to offload RF broadcast

traffic in congested networks [69]; load balancing between VLC and RF interfaces was

optimized in [70]; horizontal and vertical handover mechanisms between VLC and RF

networks were designed in [71]; VLC transmission order was proposed to mirror Wi-Fi

transmission order, as the latter will have already resolved contention [72]; routing

and address spoofing at the IP layer was demonstrated to integrate VLC and Wi-Fi at

layer three [73]. In [20], the authors designed LiRa, the first system to integrate VLC

and RF at the MAC layer, and the first system to provide a virtual feedback channel

for VLC via Wi-Fi. In contrast, LiSCAN is the first system to design a scalable uni-

directional VLC control channel for contention-free RF uplink access. While LiRa
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uses VLC for all DL data, LiSCAN does not require this. If the VLC link is slow,

then VLC can only be used for fast poll requests. Nonetheless, the aforementioned

works are complementary to LiSCAN and can be used to enhance LiSCAN at other

layers and other WLAN services.

VLC Services and Devices. Lastly, there is an emerging body of research on

employing VLC for sensing or localization and employing cameras as receivers. For

example, a VLC module was designed to locate a user’s finger within a workspace

with one-centimeter precision [74]. Likewise, a VLC sensing system can reconstruct

the 3D human skeleton postures from 2D shadow information [75]. Further, cameras

were demonstrated as receivers in [76, 77]. With the addition of photo diode receivers

to increase data rate, LiSCAN can be deployed in parallel with such applications to

jointly communicate while also providing such services.



Chapter 6

Summary

In this thesis, first, I addressed the challenges imposed by directional communica-

tion for a scalable multicast service at 60 GHz. I presented SDM, a novel design

that includes a scalable training protocol and scalable beam grouping algorithm. Us-

ing over-the-air measurements and trace driven simulations, I validated the indoor

environment challenges and showed that SDM provides the best performance in com-

parison to alternative strategies independent of the group size. Second, I presented

the design and implementation of LiRa, a WLAN that fuses simplex VLC downlink

and bi-directional Wi-Fi on a frame-by-frame basis at the MAC layer. In order for

LiRa clients to transmit VLC ARQ feedback via Wi-Fi without excessive contention-

based delays, I presented ASMA as a scalable VLC feedback channel over RF. Using

over-the-air measurements, I demonstrated limitations of uplink coverage using in-

frared/VLC. Moreover, I showed that compared to feedback using 802.11-based per-

client contention, ASMA’s spoofed NAV and multi-client scheduled feedback reduces

response delay by a factor of 15 and reduces degradation of Wi-Fi throughput to 3%

from 74%. Third, I designed and evaluated LiSCAN, a VLC uni-directional control

channel that enables virtual full-duplex contention-free operation of uplink radio ac-

cess. I showed that LiSCAN utilizes near-zero energy consumption to provide (a)
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significant reductions in the radio access delay and (b) 5x improvement in aggregate

throughput compared to contention-based radio access.
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Chapter 7

Appendix

7.1 Appendix A

We consider a set of B wide beams,

G = {
(

ψ(i1, j1)
)

, ...,
(

ψ(iB, jB)
)

}, such that

(i) Disjoint Client Assignment: No two beams ∈ G have a common client serving

set. Mathematically, Cth(ia, ja) ∩ Cth(ib, jb) = φ ,1 ≤ a, b ≤ B,

(ii) Multicast Group subset: The combined set of clients served by the beams ∈ G

is a subset of the multicast group. Mathemetically, UG = ∪Ba=1Cth(ia, ja) ⊆ U.

We denote the set of clients not served by any of the beams ∈ G by Uf = U\UG

and they will served only by the finest beams.

The data sweep time of the sequential unicast can be expressed as
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Tf =
∑

u∈U

1

R(iu, K)

=

(

B
∑

a=1

∑

u∈Cth(ia,ja)

1

R(iu, K)

)

+
∑

u∈Uf

1

R(iu, K)
, (1)

where R(iu, K) corresponds to the data rate corresponding to the primary beam

ψ(iu, K) at Kth (finest) level for client u. Similarly, for a beam ψ(i, j) ∈ G, let the

beam group formed when this is the only beam added to I along with removal of

finest beams that were serving clients ∈ Cth(i, j), be denoted by B. The data sweep

of this beam group is given by

T (B) =
1

R(i, j)
+

∑

u∈U\Cth(i,j)

1

R(iu, K)
. (2)

Using Equations (1) and (2), we denote the data sweep time difference between the

beam group B corresponding to the wide beam {ψ(i, j)} and the sequential unicast

solution by

δ
(

ψ(i, j)
)

= Tf − T (B)

=

(

∑

u∈Cth(ia,ja)

1

R(iu, K)

)

−
1

R(i, j)
. (3)

Let WIR
(

{ψ(i, j)}
)

be the wide beam improvement ratio of the beam group with

a wide beam set consisting of a single wide beam ψ(i, j). Then, the data sweep time

difference can also be expressed as
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δ
(

ψ(i, j)
)

= Tf − T (B)

= Tf

(

1−
1

WIR
(

{ψ(i, j)}
)

)

(4)

Now, we would like to calculate the resultant WIR of a beam group G∗ containing

all the beams ∈ G to serve the client subset UG and finest beams to serve Uf . Firstly,

the data sweep time of G∗ is given by

T (G∗) =

( B
∑

a=1

1

R(ia, ja)

)

+
∑

u∈Uf

1

R(iu, K)
. (5)

Using the Equations (3) and (4), the difference δ(G) between the data sweep time

of the sequential unicast and G∗ is given by

δ(G∗) = Tf − T (G∗)

=
B
∑

a=1

(

(

∑

u∈Cth(ia,ja)

1

R(iu, K)

)

−
1

R(ia, ja)

)

=
B
∑

a=1

δ
(

ψ(ia, ja)
)

= Tf

B
∑

a=1

(

1−
1

WIR
(

{ψ(ia, ja)}
)

)

(6)

Using Equation (6), the WIR of G∗ can be expressed as
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WIR(G∗) =
Tf

T (G∗)

=
1

1−
∑B

a=1

(

1− 1

WIR
(

{ψ(ia,ja)}
)

)

=
1

(

∑B
a=1

1

WIR
(

{ψ(ia,ja)}
)

)

− (B − 1)

(7)


