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ABSTRACT

We present LiSteer, a novel system that steers mmWave

beams at mobile devices by repurposing indicator LEDs on

wireless Access Points (APs) to passively acquire direction

estimates using off-the-shelf light sensors. We demonstrate

that LiSteer maintains beam alignment at the narrowest

beamwidth level even in case of device mobility, without

incurring any training overhead at mobile devices. Our ex-

tensive evaluation on a custom dual-band hardware platform

comprising highly directional horn antennas as well as prac-

tical phased antenna arrays with electronic beam steering

shows that LiSteer achieves direction estimates within 2.5

degrees of ground truth on average. Moreover, it achieves

beam steering accuracy of more than 97% while in track-

ing mode, without incurring any client beam training or

feedback overhead.
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1 INTRODUCTION

The ever increasing demand for high speed wireless connec-

tivity to support applications such as virtual and augmented

reality and uncompressed video streaming is straining the ca-

pacity of current WiFi and cellular networks [4]. GHz-scale

bandwidth coupled with phased antenna arrays to realize

high directionality in the mmWave spectrum (30 GHz to

300 GHz and beyond), can solve this problem by realizing

data rates of up to 100 Gb/sec [6]. However, a key challenge

in exploiting this expansive bandwidth to realize high data

rates is that end nodes need to continually align their beams

to establish and maintain directional links.

To this end, commercial products [28, 35] andWLAN stan-

dards such as 802.11ad [21] and 802.11ay [6] employ beam-

search based training mechanisms, in which one node sends

training frames sequentially across all its beams while the

other node uses pseudo-omni beams to identify the highest

signal strength beam. Although this training, when repeated

at both ends, discovers the strongest pair of beams with max-

imum data rates, the process also requires coordination and

setup between nodes and may take 10’s of milliseconds. This

overhead represents a missed opportunity to transmit 100’s

of Megabits, severely degrading throughput and disrupting

high-rate, low-latency applications. Moreover, the overhead

worsens for systems with no pseudo-omni reception, increas-

ing the order of the beam-search space from 2N to N 2 for N

beams at each end. Mobile devices present an even greater

challenge, as beam alignment may be repeatedly lost due

to mobility, requiring repeated training to maintain beam

alignment and incurring overhead each time [10].

In this paper, we present LiSteer, a system that steers

mmWave beams at mobile devices by repurposing indicator

LEDs on wireless Access Points (APs) as fixed light anchors

and continuously tracking the direction to the AP using light

intensity measurements with off-the-shelf light sensors. We

demonstrate that LiSteer acquires and maintains beam align-

ment at the narrowest beamwidth level, even with device

mobility, without requiring any beam training at the client







the sensor. Moreover, since the sensor may have an arbitrary

orientation, the AoA (ψ ) at the sensor may not be the same as

the il-AoA, but a projection of it along the sensor’s axis. Our

key technique is to exploit an array of multiple sensors with

known angular separation to estimate θcl and ϕcl . When

introducing more sensors, the entropy of measurements is

maximized by placing sensors at right angles, since this gives

maximum angular separation. Therefore, in our sensor-array

design, we use at least six sensors arranged mutually orthog-

onally on the six facets of a mobile device. We discuss the

case of a six-sensor array in the rest of this section, but the

formulation can easily be extended to larger array sizes.

Estimation Method: A LiSteer client with J = 6 light sen-

sors arranged mutually orthogonally is depicted in Fig. 2. In

this case, the light intensity from the AP’s LED received at

the j th sensor of the client is given as:

Ij = C · cos(ψj ) ·
cos(γj )

(ρ j )2
(5)

where C is a constant parameter for sensors of same type,

and ρ j is the distance between the LED and the j th sensor. If
−→
P = [x ,y, z]T is the position vector to the AP’s LED and

−→
Pj

is that of the j th sensor (with unit normal vector −→uj ), then

angles γj andψj can be computed as:

cos(γj ) =

−→z ⊙ (
−→
Pj −
−→
P )

ρ j
(6)

cos(ψj ) =

−→uj ⊙ (
−→
P −
−→
Pj )

ρ j
(7)

Since the size of mobile devices is usually much smaller

than the AP-client distance, we approximate the irradiance

angle and distance from the AP to be the same at all sensors

(∀j,γj = γ , ρ j = ρ). With this, the ratio of intensities at

any two adjacent sensors is a function of their AoA only,

independent of ρ and γ :

I1

I2
≈
cos(ψ1)

cos(ψ2)
(8)

Since the arrangement of sensors is fixed and known at the

client, we consider the ratio of intensities at adjacent sensors

in three perpendicular planes to estimate the il-AoA compo-

nent in that plane, without requiring the client’s position or

orientation. For example, when sensors are arranged mutu-

ally orthogonally, this difference in AoA is in fact 90◦, such

that we can make the substitution cos(ψ2) = sin(90 −ψ1)) in

Eq. (8) to estimateψ1 as:

ψ̂1 = tan
−1

(
I2

I1

)
(9)

Note that it is not necessary that the light sensor array

and the client’s phased array are coplanar and aligned; only

the mapping is required such that angles estimated in the

light band can be rotated to find angles with respect to the

phased array. However, for simplicity and without loss of

generality, here we assume that the two arrays are aligned so

that the same reference frame defined in Fig. 2 can be used

for the light sensor array as well. With this simplification,

we can define −→uj as unit vectors along +x,-x,+y,-y,+z,-z axes

for the six mutually orthogonal sensors.

Moreover, by array geometry, at most three sensors on

the array can have a LOS path to the AP, one along each axis

(Ix , Iy , Iz ). Using the negligible array dimension approxima-

tion and solving for cos(ψj ) at adjacent sensors in the three

perpendicular planes, we estimate θcl and ϕcl as follows:

θ̂cl = tan
−1

(
Iy

Ix

)
, ϕ̂cl = tan

−1
©­­«

√
I 2x + I

2
y

Iz

ª®®¬
(10)

2.4 Beam Alignment Protocol

Using the aforementioned estimation framework, we design

LiSteer to comprise the following two phases.

(i) Beam Acquisition: This is the initial phase where maxi-

mal strength beams are not known at the AP or the clients

e.g., at association or after link breakage. During this phase,

a LiSteer client estimates its maximal strength beam using

light measurements as described above, and uses this beam

to receive in mmWave band while the AP does a beam sweep

at its end. The client then sends feedback about the AP’s

maximal strength beam to the AP. This may be followed by

an optional beam refinement phase, e.g., following the pro-

cedure defined in 802.11ad [13], where the client can use the

il-AoA estimate to do a local search among the neighboring

beams to further improve link strength albeit incurring a

small overhead. In any case, exhaustive search is not required

at the client if il-AoA estimates are available. In the special

case that il-AoA estimates are not available due to blockage

of the LOS path, LiSteer falls back to the underlying beam

training protocol and performs beam training at the client

end as well.

(ii) Beam Steering: After a directional link is established via

Beam Acquisition, LiSteer enters the Beam Steering phase,

where it passively tracks the il-AoA from the AP’s LED and

continuously estimates the best client-side beam Ŝcl using

the il-AoA estimates. Due to client mobility, if this best beam

estimate becomes different from the selected beam S̃cl being

used for communication, an interrupt (S̃cl ← Ŝcl ) is passed to

theMAC layer to adapt the current beam S̃cl . As such, LiSteer

steers client-side beams without incurring any training or

feedback overhead. Moreover, the AP is oblivious to any

changes in client beams, making client-side beam steering

completely distributed.

















used throughout the client translation motion and there is no

beam adaptation. This strategy leads to a significant decrease

in link throughput, with more than 50% of instances incur-

ring > 7dB SNR loss compared to perfect adaptation when

optimal sectors are used at both ends. This link degradation

corresponds to loss of several MCS levels. This reiterates the

importance of beam steering in mmWave networks, such

that only slight motion can significantly impact link strength

despite wide beam patterns and significant beam overlap of

a practical phased array.

Since AP-side adaptation in LiSteer is handled by the bea-

con sweeps of the underlying protocol (e.g., 802.11ad), AP-

side beam selection depends on how often and where along

the trajectory the beacon sweep is performed, and also on the

translation speed of the client. Therefore, here we present

two schemes which serve as upper and lower bounds of per-

formance, depending on the frequency of AP-side adaptation

and client speeds. First, we study the case of perfect AP-side

adaptation, such that the AP’s beams are updated at each

measurement location. For this, we observe that il-AoA esti-

mation in LiSteer achieves near-optimal link strength, with

< 1dB SNR loss for more than 90% instances. This may corre-

spond to a single MCS level loss or no loss at all as compared

to exhaustive search, depending on the MCS schemes and

true SNR. Thus, there is very little gain in repeating beam

training at the client end and LiSteer estimates are sufficient

to maintain a highly directional link. Second, we consider

LiSteer with no AP-side adaptation, such that this strategy is

completely training-overhead free. While no AP-side adapta-

tion impacts the link strength, 50% of instances incur < 3dB

SNR loss. Hence, while sub-optimal, there is still significant

gain in client-only adaptation as compared to no adaptation.

This shows that if AP adaptation is not possible or is delayed

due to contention, LiSteer can still delay link breakage and

maintain beam alignment for a longer range compared to no

adaptation at all.

To analyze the adaptation schemes further, we study the

example of SNR changes along client trajectory A in Fig. 12c.

First, the curve for perfect beam selection via exhaustive

search at all points represents the maximum achievable SNR,

which serves as an upper-bound for all beam adaptation

strategies. It mostly stays constant, with slight variations due

to imperfect beam patterns. Next we consider the case of no

beam adaptation, where the AP and the client keep using the

beams initially selected via beam training. For this scenario,

the link SNR degrades sharply despite wider beam patterns

and significant beam overlap of the phased array, and the

SNR drops below 10 dB for a mere 0.5m translation. As per

802.11ad PHY sensitivity thresholds and on our platform

as well, SNR below 10 dB achieves sub-Gbps rates, severely

affecting throughput. After 1m lateral translation, the link is

completely broken and cannot support even the base data

rate. In comparison, LiSteer with AP adaptation maintains

near-optimal link SNR for most client positions along the

trajectory, and SNR loss is within 1 dB. Finally we consider

LiSteer with client-only adaptation such that AP’s beam

remains fixed throughout the experiment. The figure shows

that LiSteer still achieves up to 8 dB gain over no-adaptation

scenario, maintaining Gbps data rates up to 1.5m translation.

This is especially useful in cases when there is a delay in

beacon sweeps at the AP.

Finding: Without beam adaptation, mmWave links can lose

multi-Gbps data rates via a mere 0.5m translation despite

wider beam patterns of a practical phased array, highlighting

their susceptibility to client mobility. With LiSteer, the client

maintains a highly directional link with SNR within 1 dB of

exhaustive search for most positions along the trajectory via

il-AoA estimation. Moreover, if only the client is adaptive, the

AP may incorrectly hold on to an older beam too long without

necessarily incurring link breakage.

5 SIMULATION RESULTS

5.1 Experimental Setup

Here we evaluate LiSteer performance using our trace-

and model-driven simulator. In particular, we study indoor

WLAN scenarios under a variety of mobility and contention

scenarios. For this, we consider multiple, fully backlogged

clients which undergo random waypoint mobility at aver-

age human walking speed (1.5 m/s) and different rotational

speeds. We adopt the commonly used value of 100 ms for

beacon sweep interval. For performance comparison, we

also simulate baseline 802.11ad and use the same SNR based

rate adaptation for both schemes. Because 802.11ad does not

have light assisted beam adaptation, it recovers from link

breakages via in-band beam training whenever the data rate

drops below MCS 1. Hence it is not excessively incurring

repeated training overhead, yet maintains data rates above

385 Mbps.

The frequency at which light sensors are sampled and

il-AoA estimates are computed is an important design factor

in LiSteer, as more measurements can improve estimation

accuracy, yet require increased power and computational

resources. We use 100 Hz sensor-sampling and estimation

rate in the experiments discussed below, which we found is

high enough for moderate to high indoor mobility scenarios

in our analysis, and well within sampling range of light

sensors.

5.2 Results

Training Overhead Comparison: First, we compare the

training overhead incurred by the two schemes in the afore-

mentioned experiments. Fig. 13 depicts overhead vs. the



1 2 5 10

Number of Clients

0

5

10

15

20

25

30

35

P
e
rc

e
n
ta

g
e
 O

v
e
rh

e
a
d LiSteer

Baseline 802.11ad
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Figure 14: Normalized throughput comparison.

number of clients for 1.5 m/s translational speed. We calcu-

late overhead as the percentage of total time used to adapt

60 GHz beams (for all clients), which comprises beam train-

ing overhead for the baseline scheme whereas for LiSteer it

includes Beam Acquisition overhead for link establishment

and the time spent on multi-client training. The figure shows

that for the baseline scheme, even with a single client the

overhead is around 5% and includes beacon sweeps and train-

ing for beam adaptation. Moreover, as the number of clients

increases, the overhead increases steeply due to beam train-

ing with multiple clients and contention among clients for

training with the AP. In contrast, LiSteer’s overhead com-

prises entirely of periodic beacon sweeps since client-side

steering is driven by il-AoA estimates via passive light sens-

ing and hence is completely distributed. Thus the overhead

stays almost constant despite an increase in the number of

clients and is limited to around 2%.

Finding: LiSteer incurs negligible overhead for polling after

the mandatory beacon sweeps by the AP, with client side beams

acquired and steered using il-AoA estimates only. Thus its

overhead also remains nearly constant despite an increase in the

number of clients, incurring 10× to 15× lower overhead than

an 802.11ad based baseline scheme with in-band retraining.

Throughput:Next, we analyze the throughput performance

of LiSteer and the baseline scheme. Further, we normalize

to the throughput of an omniscient scheme which uses op-

timal beams and data rates for each transmission. Hence,

it achieves maximum data rate, while incurring the same

channel access and contention overhead.

Fig. 14 depicts normalized throughput vs. the number of

clients for 1.5 m/s translational speed. First we consider the

case of a single client, where LiSteer achieves 82% of the

maximum throughput on average. The loss in throughput is

due to sub-maximal data rates resulting from beam steering

inaccuracy and MCS under-selection, or packet losses due

to MCS over-selection. In comparison, the 802.11ad baseline

scheme achieves only ∼ 57% throughput, due to rate adap-

tation losses, beam misalignment and training overhead as

discussed above.

When we increase the number of clients in the network,

802.11ad throughput decreases further due to increased col-

lisions, training overhead and latency since multiple clients

are contending to train with a single AP. In contrast, LiS-

teer normalized throughput remains above 75% for up to

10 clients due to il-AoA driven beam steering which elimi-

nates training overhead at the client-side. Moreover, multiple

clients can simultaneously train with the AP with a single

sweep during beacon intervals, resulting in a small overhead.

Our simulations also encompass different client speeds

and rotational mobility scenarios, which we omit here for

want of space. Under rotational mobility, LiSteer exhibits

further gains compared to the baseline scheme since rotation

requires steering at the client-side only to maintain beam

alignment, which has no overhead in LiSteer.

Finding: Due to repeated beam training overhead in 802.11ad,

more than 50% of available throughput is lost due to beam mis-

alignment from translational and rotational mobility. By pas-

sively tracking AP’s LED using light sensors, LiSteer achieves

up to 2× gain in throughput by avoiding training overhead

in client-side adaptation, and maintaining AP-side alignment

via beacon sweeps only. Moreover, its performance scales much

better with rotational speed and the number of client devices.

6 RELATED WORK

Visible Light Signaling: Recent work on Visible Light Com-

munication (VLC), where indoor luminaries are used for

data transmission, provides solutions such as controlling the

brightness of light sources via pulse width and position mod-

ulation to maintain the same average power while still com-

municating data at reasonable range [23, 24], even in the dark

[34]. Similarly, multiple solutions exist to distinguish the tar-

get light source from ambient light or interfering sources,

such as decoding specific signatures modulated by LEDs [15],

periodic beacons from VLC sources [18], frequency hopping

[17], and exploiting characteristic frequency of LEDs [43].

Any of these solutions can be integrated in LiSteer to ex-

tend the AP’s LED range and distinguish it from other light

sources if required. Moreover, if the AP also supports VLC,

LiSteer can passively track the VLC source without requiring

any special signaling or calibration.



Visible Light Sensing: Recent visible light localization so-

lutions such as model-driven multi-lateration [17, 41] and

fingerprinting [42, 43] can also be used to track position at

sub-meter accuracy. However, these solutions require multi-

ple luminaries at known locations, whereas multi-lateration

approaches also require knowledge of transmit powers as

well as fixed and known orientation of light sensors. Hence

they cannot be used to track client-side beams, which can

be affected by both position and orientation changes. In con-

trast, in LiSteer, we estimate AoA from a single light source

located at the AP without requiring position or orientation

estimation. Prior work on AoA estimation using incoherent

light includes model driven AoA calculation for localization

from multiple light sources [16] and using two photodiodes

of different fields of view such that their angular response

patterns are also different and can be modeled as a non-linear

function of the AOA [43]. However, [43] requires calibration

to discover this differential response function, and is limited

to 1-D AoA estimation (insufficient for 3D beam steering).

Likewise, [15] uses image sensors to estimate AoA. However,

image processing requires higher power and computational

resources with a latency of several seconds. In contrast, LiS-

teer uses off-the-shelf light sensors with significantly lower

power consumption, and tracks beam changes atmilli-second

time scale.

mmWave Beam Training: In-band solutions to reduce

training overhead include model-driven beam steering and

channel profiling [37, 44], hierarchical codebook designs

[2, 12], compressive sensing techniques to exploit channel

sparsity [20, 30], correlation between beams [33], efficient

beam searching [32, 40], sector switching and backup paths

[10, 29], and beamwidth adaptation [10]. These solutions

reduce training overhead and maintain alignment in cer-

tain environments, yet still incur training overhead when

constructing channel profiles, searching for backup or re-

dundant paths, or incur SNR loss when switching to wider

beams. Moreover, packet level beam tracking solutions to

address mobility have also been proposed, e.g., 802.11ad’s

beam tracking [13], exploiting multi-lobe beam patterns [19]

and beam sounding [10]. While these solutions help refine

beam alignment with small-scale mobility, they also incur

in-band overhead and do not work if alignment is lost in-

between transmissions. In contrast, in LiSteer, we target

to eliminate beam search at mobile devices entirely by ob-

taining direction estimates from existing LEDs on APs for

both beam acquisition and beam adaptation, and without

requiring any training or feedback in mmWave band for this

purpose. Nonetheless, prior solutions can be integrated to

reduce training overhead for AP-side sweeps, to further im-

prove beam steering at packet-level, or when light estimates

are not available.

Lastly, prior out-of-band solutions also address link adap-

tation in directional networks, e.g., via session transfer to

legacy bands [25, 31], AoA estimation in sub 6-GHz bands to

eliminate exhaustive search for beam acquisition [22], and

using sensors on mobile devices [5, 8, 26, 40]. In contrast,

passive light sensing has significantly less power require-

ments than mechanical sensors and tracks the AP under

both translation and rotation, requires no communication

in the sensing band, and is more resilient to multipath due

to the dominant LOS propagation of visible light. Search-

Light [9] is the only prior work that also uses visible light

sensing with a sensor-array to track device mobility (both

position and orientation changes). While SearchLight adapts

beams at both the AP and client ends, it requires feedback

packets for AP-side beam adaptation, AP localization and

maintaining LOS with multiple (≥ 3) light sources which

presents greater challenge in terms of infrastructure require-

ments and LOS blockage. In contrast, LiSteer exploits a single

LED collocated at the AP to adapt client beams without any

feedback and handles AP-side adaptation by repurposing

periodic beacon-sweeps.

An earlier version of LiSteer design appears in [11] where

we present the key idea of beam adaptation by tracking AP’s

indicator LEDs with proof-of-concept implementation on

a horn antenna system. In this paper, we have enhanced

the protocol design to include multi-client beam steering to

address AP-side beam adaptation, extended the hardware

implementation to include practical phased arrays with irreg-

ular beam patterns which impact the optimality of LOS path

based geometric beam steering, and evaluated in WLANs

with multiple clients (including impact of contention) and

various indoor mobility patterns.

7 CONCLUSION

We present LiSteer to steer mmWave beams at mobile de-

vices by tracking indicator LEDs on wireless APs to passively

acquire direction estimates, and demonstrate that LiSteer ac-

quires andmaintains beam alignment despite devicemobility,

without incurring any training overhead at clients. We im-

plement our system on a custom dual-band platform. Our

experiments show that LiSteer estimates the incoherent-light

AoA to within 2.5◦ on average and steers beams correctly

more than 97% of instances while in tracking mode, without

incurring any in-band training or feedback.
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