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ABSTRACT

Line-of-Sight blockage by human body is a severe challenge to en-
able robust 60 GHz directional links. Beamsteering is one feasi-
ble solution to overcome this problem by electronically steering
phased-array beam towards Non-Line-of-Sight. However, effec-
tiveness of beamsteering depends on the link deployment and a
lack of assessment of steering effectiveness may render the link
completely blacked-out during human blockage. In this poster,
we propose a new technique called BeamScope, that predicts best
possible location for a randomly deployed link in an indoor en-
vironment without the need of any explicit war-driving. Beam-
Scope first characterizes the environment exploiting measurement
from the randomly deployed reference location and then predicts
the performance in unobserved locations to suggest a possible re-
deployment. The environment characterization is captured through
a novel metric and prediction is achieved via how this metric is
shared between the reference location and unobserved locations.
Our preliminary results show promising accuracy of identifying the
best possible alternate location for 60 GHz link to achieve a robust
connection during human blockage.

Categories and Subject Descriptors

C.2.1 [Computer-Communication Networks]: Network Archi-
tecture and Design - Wireless communication
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1. INTRODUCTION

Millimeter-wave (mmWave) communication is the emerging fron-
tier for next-generation wireless applications. With multi-Gbps data
rate, it is a promising technology to support a new plethora of data-
hungry applications such as uncompressed video streaming, cord-
less computing, wireless projector, instant file synchronization and
wireless fiber-to-home access. IEEE standard 802.11ad [1] has pro-
posed MAC/PHY design of 60 GHz mmWave frequency band and
has already been adopted in few commercial devices e.g. Wilocity
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Figure 1: Concept applications of 60 GHz. (a) Enterprise net-
work. (b) Wireless Gbps projector.

radio [2]. Figure 1 shows some of the potential indoor application
scenarios at 60 GHz.

However, 60 GHz links are highly vulnerable to propagation loss.
The standard proposal recommends using narrow directional beams
formed by phased-array antennas to overcome the strong signal at-
tenuation. But, narrow directional beams at 60 GHz are highly sus-
ceptible to human blockages that can occur in indoor deployments
with reasonable human activity [3]. A phased-array antenna can
electronically steer its beam direction, bouncing the signals off op-
portunistic reflectors, thus detouring any Line-Of-Sight (LOS) ob-
stacle. However, effectiveness of beamsteering depends highly on
the environment e.g. availability of any secondary reflective paths
etc. [4], which depends on the placement of the link.

An obvious way to find out the best possible spot to deploy a 60
GHz link would be, to war-drive the entire deployment area cover-
ing every nook and cranny and deploy the link in best possible spot.
But two problems pertain to the war-driving, (1) Overhead. War-
driving is tedious and cumbersome process requiring significant ef-
fort from network deployer. Even though an automated robot can
be used to scour the place, physical search space involving pos-
sible combinations of node pair locations can be quite large even
for a small 10m x 10m indoor room. (2) Blockage occurrence.
Exhaustive war-driving may specify best possible spot in a human-
less indoor room, but it does not consider possible blockage occur-
rences and their patterns. Rather than using tedious war-driving, in
this work we propose an environment scoping algorithm that can
find the best spot to place 60 GHz link from measurements obtain
from a single spot.

2. DEPLOYMENT ISSUE OF 60 GHZ LINKS

A LOS 60 GHz link can be extremely susceptible to human block-
age if there is no secondary path for the link arrangement. Presence
of reflective concrete walls, metallic cabinet efc. can provide sig-
nificant opportunities to bounce the signals off from a secondary
path in presence of large obstacles like human body in LOS that
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Figure 2: (a) Fraction of complete link blackout. (b) Fraction of available beams. (c) Average throughput of best available beam
when link is sustained. CDF are plotted across 30 different links during blockage.

penalizes the link by 20 ~ 30 dB [3,4]. Figure 2 shows the perfor-
mance disparity during blockage across 30 different links arbitrary
deployed in an indoor office environment. We deploy each link
randomly in LOS with 5 m. distance between Tx and Rx. For each
link, we emulate random blockage scenarios and collect the per-
formance traces of the phase-array beams during blockage. Figure
2(a) shows the fraction of complete link blackouts during blockage
duration (i.e. no beam can sustain the connection) and we plot the
CDF across the 30 links. For nodes having 32 beams, more than
50% of the links showed atleast 70% of time complete link out-
age during human blockage. The difference between the fraction of
time a complete link outage occurred is significant when compar-
ing a randomly vs. best deployed link !. For nodes having 4 beams,
this difference is only 8% but grows to 56% when the number of
phased-array beams is 32. This shows that a carefully deployed
link will be able to sustain the connection during human blockage
more effectively than a random one. Further, deployment disparity
becomes more severe when the number of phased-array beams in-
creases, which necessitate an environment-aware deployment. Fig-
ure 2(b) shows the average number of fraction of available beams
during blockage across the 30 different links. Although, we found
that as the number of phased-array beams increase, more number
of beams are available that can sustain connection, but Figure 2(c)
again shows strong disparity between a best link vs. a randomly
deployed link. For nodes having 4 beams, the difference of aver-
age achievable throughput is only 483 Mbps, while this difference
grows to 1.7 Gbps when the number of available beam is 32! This
further warrant the requirement of a careful 60 GHz link deploy-
ment that can not only sustain the connection more effectively but
also may drastically improve link layer throughput during block-
age.

3. BEAMSCOPE DESIGN

BeamScope exploits the sparsity property of 60 GHz link [5] to
establish a spot performance prediction framework. The framework
determines the quality of unobserved spot’s performance in an en-
vironment while observing channel information only from a single
measurement spot. BeamScope’s key principle lies in extracting the
environmental information from a single measurement spor and ex-
trapolating that in an unobserved spor. The environmental informa-
tion is characterized in a novel environment path skeleton model
during measurement. Furthermore, modeling the way an unob-
served spot shares the environment path skeleton with the measured
spot, BeamScope can predict the performance of it. BeamScope’s
design can be separated into two different stages: first, when user
deploys the link in certain physical positions, BeamScope scans the
environment by electronically steering pairwise Tx-Rx beams and
extracts modeling parameters to construct environment path skele-

"The link that showed best result out of all 30 links, although it
may not be an oracle best link.
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Figure 3: (a) Environment as a recursive diffusive mirror. (b)
Simulated BeamScope’s best beam prediction accuracy in spa-
tial region. Reference Tx and Rx placement is shown. Dark
color represents higher accuracy.

ton. Next, BeamScope applies a spatial transfer function over the
environment path skeleton to infer how the environment should look
like from any other spots within the environment.

The main idea behind environment scoping from single view-
point is to extend the aperture of that view-point. BeamScope ex-
tends the view-point by treating environment as a recursive diffu-
sive mirror. The basic idea is simple. When characterizing a part of
the environment, use another part of the environment as a diffusive
mirror. Figure 3(a) shows an example of characterizing the envi-
ronment exploiting the recursive mirror concept. Here, while char-
acterizing the object p; of the environment, we extend the aperture
of the receiver Rx by considering object p; as the diffusive mirror.
The receiver Rx’s aperture is now extended to fully characterize the
object p; in the environment which includes estimating the distance
and the diffusion coefficient. Similarly, while characterizing p;, p;
is considered as the diffusive mirror.

When the 60 GHz devices are deployed at certain positions, Beam-
Scope invokes full beam-scanning procedure (such as in 802.11ad)
once to capture the Channel Impulse Response (CIR) between each
pair of Tx/Rx beams. BeamScope then uses matrix M of K x K
entries to store the CIR of the K received beams from each of the
K transmit beam.

When the narrow beam of 60 GHz transmitter incident on an
object in the environment, it creates the first signal bounce. This
direct bounce is followed by a complex pattern of inter-reflections
whose dynamics are governed by the environment geometry and
the diffusion property of the material in the environment. At any
time instant the receiver observe a projection of the complete set
of paths from the environment and this comprises only the paths
that are directed towards the receiver and within it receive beam
space. Now, lets consider the environment [E comprise of K pla-
nar objects {p1,p2,...,pr}. Let the Euclidean distance vector
dT = {dT1,dTs,...,dTk} and AR = {dR1,dR>, ... ,dRk } de-
note the distance between the planar object and the transmitter and
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Figure 4: (a) Examples of predicting the AOA. (b) BeamScope’s
best beam prediction accuracy.

receiver respectively. In addition, let the diffusion coefficient of
each planar point is denoted by «;, which refers to the amount of
signal reflected from the point towards direction 7. We assume that
signals in rest of the directions is uniformly distributed with signal
energy is fraction (1 — «;) of the original signal energy. Also, con-
sider D = [d;;] be the pairwise distance between the planar objects.
The Environment Path Skeleton is the vector [dT, dR, ] compris-
ing of distance of planar object from the transmitter, receiver and
the diffusivity. BeamScope constructs the Environment Path Skele-
ton using the CIR matrix M. Simply put, each CIR entry m;; in
M contains information about the complete path traversed by the
60 GHz signal which was emitted from a narrow beam at Tx and
captured using a narrow beam at Rx. The captured CIR provides
with RSS and phase information of signal that interacted and mod-
ulated by the environment. To put it concretely, the RSS/phase of
the 60 GHz signal transmitted from beam direction 7; and received
by beam direction R; contains information about the distance of
Tx from the planar object p;, the inter-distance between the object
pi and p;, distance of Rx from p; and the diffusion coefficient o;
and «;. Therefore, the amplitude A(-) and phase ®(-) of CIR m;;
is modeled as,

i - O
A(myj = —
(mis) dT? - @2, - dR?
B(ms;) ! M
(mj  2g) ) ‘X = dTi+di; +dR;
27
In addition, the triangular equality from the Figure 3(a) gives,
dR} = dT? + diwge — 2 - dT; - drxgs - cos(0(T}))
dT5 = dR + dige — 2 - dR; - drse - cos(0(R;))  (2)

We extract the vector [dT, dR, o] by jointly solving Equations (1)
and (2) forall: =1,2,...,Kandj=1,2,..., K.

The Environment Path Skeleton captures snapshot of the envi-
ronment and how a 60 GHz link interacts with it. Therefore, the
main step to predict performance in an unobserved spot is, to pre-
dict how the environment snapshot is supposed to look like from
that spot. Specifically, we assume that location of the spot where
we want to predict the performance is known to BeamScope system.
To simplify the exposition, we assume that we only want to predict
unobserved Rx spot i.e. Tx is now fixed. Further, the coordinate
of the unobserved spot is (zs,ys) w.rt. the reference coordinate,
where the reference coordinate is the position of the Tx. Therefore,
predicted environment path skelenton from the unobserved spot is
given by, [dT, Trr(dR), ], where Trr(-) denotes the transposi-
tion of the distance metric of planar objects from the receiver and
calculated using standard coordinate translation method. The trans-
lated Environment Path Skeleton is converted to the spatial RSS uti-
lizing the Equation (1).
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4. EVALUATION

We evaluate feasibility of BeamScope by implementing it on a
reconfigurable 60 GHz radio platform. We evaluate the feasibility
of BeamScope of predicting the performance of unobserved from 2
aspects. (1) How accurately BeamScope can predict the AOA? (2)
What is the accuracy in predicting the performance of best beam?

(1) Predicting AOA and performance. We test accuracy of
BeamScope in predicting the AOA of unobserved spot from mea-
surement results obtained from a reference link deployment. We
deploy a reference link in an indoor office environment and mea-

sure the CIR matrix from Tx-Rx pairwise beamforming. This mea-
surement is used to construct the Environment Path Skeleton as per

Sec. 3. Further, we move receiver randomly in 8 different spots,
noted the physical distance from the original receiver spot and col-
lect there angular RSS that serve as oracle measurement. The mod-
eled Environment Path Skeleton is used to predict the performance
in those 8 random spots and compared the result w.r.t. the oracle
measurement. Fig. 4(a) show an example case of predicting the
AOA. Further, we compare the prediction accuracy of finding the
best beam index in the unobserved spots and Fig. 4(b) shows the
average accuracy with varying number of available phased-array
beams at the receiver side. The accuracy drops as the number of
available beams increase.

(2) Spatial prediction accuracy. To evaluate the feasibility of
BeamScope in large-scale, we evaluate the prediction algorithm
through simulation. We follow [6] in detail and simulate the in-
teraction of a 60 GHz link in an indoor room (dimension: 10m x
10m) with reflective objects deployed randomly. We fixed the ref-
erence spot of the link and compared the modeled and measured
best beam’s prediction accuracy. Fig. 3(b) shows the heatmap of the
prediction accuracy of finding the best beam in unobserved spots
using measurement only from the reference link spor. This simula-
tion result showcase that the accuracy is poor as we move further
away from the reference link. This also suggests the need for col-
lecting measurement from multiple reference spots in order to cover
the whole indoor area, which we have planned in our future work.

S. CONCLUSION

The poster presents BeamScope, a system that scopes the envi-
ronment to scour best possible location to deploy a 60 GHz link in
an indoor environment. BeamScope characterizes the environment
by capturing sparse path metric. Further, it models the way the
metric is shared between unobserved and reference locations and
exploits this information to predict the performance in unobserved
locations.
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