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ABSTRACT

Multi-stream 60 GHz communication has the potential to
achieve data rates up to 100 Gbps via multiplexing multiple
data streams. Unfortunately, establishing multi-stream
directional links can be a high overhead procedure as the
search space increases with the number of spatial streams
and the product of AP-client beam resolution. In this paper,
we present MUlti-stream beam-Training for mm-wavE
networks (MUTE) a novel system that leverages channel
sparsity, GHz-scale sampling rate, and the knowledge
of mm-Wave RF codebook beam patterns to construct a
set of candidate beams for multi-stream beam steering.
In 60 GHz WLANs, the AP establishes and maintains a
directional link with every client through periodic beam
training. MUTE repurposes these beam acquisition sweeps
to estimate the Power Delay Profile (PDP) of each beam
with zero additional overhead. Coupling PDP estimates with
beam pattern knowledge, MUTE selects a set of candidate
beams that capture diverse or ideally orthogonal paths
to obtain maximum stream separability. Our experiments
demonstrate that MUTE achieves 90% of the maximum
achievable aggregate rate while incurring only 0.04% of
exhaustive search’s training overhead.
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1 INTRODUCTION

Today, the GHz-scale unlicensed spectrum available at 60
GHz band coupled with phased array antennas is able to
support directional transmissions with Gbps data rates.
Next-generation devices aim to realize rates up to 100 Gbps
via simultaneous transmission of up to eight independent
data streams, i.e., downlink single-user and multi-user
MIMO1 [5]. However, the key challenge to realize such rates
via mmWave MIMO is to efficiently discover the analog
beams at the Access Point (AP) and clients that support
concurrent directional transmission/reception of multiple
data streams and providing the maximum multiplexing
gain. Establishing such multi-stream directional links can
be a high overhead procedure as the search space increases
with the number of spatial streams and the product of
AP-client beam resolution. In particular, for simultaneous
transmission ofm data streams, there are N 2m possible beam
combinations, where N is the total number of beams in the
AP’s and clients’ RF codebook. While exhaustive search to
test all combinations might be acceptable for static use cases
such as wireless backhaul, it would incur prohibitively large
training overhead in mobile use cases such as virtual reality
due to the constant need for beam training.

1We adopt the IEEE 802.11ay nomenclature and refer to

multi-stream communication (via multiple RF chains) as MIMO so

that IEEE 802.11ad is referred to as SISO, despite its use of antenna

arrays.
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We presentMUlti-stream beam-Training for mm-wavE
networks (MUTE), a novel system that identifies dominant
paths between the AP and each client in order to efficiently
steer 60 GHz beams over diverse or ideally orthogonal paths,
such that undesired channel correlations are minimized.
Our design is motivated by two key observations: (i) Unlike
legacy MIMO in sub 6 GHz bands that are privileged
with high multiplexing gain as a result of rich scattering,
mmWave channels are sparse, i.e., only a few dominant
Line of Sight (LOS) and reflected Non-LOS (NLOS) paths
characterize the channel between any two nodes [17, 28].
Furthermore, exploiting an analog beam may impact the
mmWave channel as it amplifies certain paths and weakens
others. Hence, multiplexing independent streams should
avoid common paths as it will otherwise incur throughput
degradation due to channel correlation and inter-stream
interference. (ii) While a łperfectž non-overlapping set of
beam patterns would ensure that use of different beam
codebooks would yield non-overlapping paths, practical
60 GHz beams generated via phased array antennas have
irregular beam patterns [18, 19]. Nonetheless, despite their
irregularity, the directivity gain is known a priori in each
direction as it is a deterministic function of the codebook
and antenna spacing. We exploit these two properties,
combined with GHz-scale sampling rate to design MUTE. In
particular, we make the following contributions:
First, MUTE repurposes beam acquisition sweeps, which

occur periodically in 60 GHz WLANs to establish and
maintain a directional link between the AP and each client,
to estimate the Power Delay Profile (PDP) of each beam
with zero additional overhead. In contrast to sub-6 GHz
bands, the GHz-scale sampling rate and sparsity of 60
GHz channels provide the unique capability to obtain the
high-resolution PDP. While PDP reveals the presence of
multiple paths as well as their relative timing, it does not
convey any direction information and cannot solely identify
orthogonal paths across different clients. Thus, MUTE next
couples the known radiation patterns over the suite of
irregular beam patterns with PDP measurements for each
pattern in order to infer the direction of each path. Lastly,
MUTE leverages these direction inferences to construct a
candidate set of transmit and receive beams over diverse or
ideally orthogonal paths for a multi-stream transmission
which will be further trained.

Leveraging the design of MUTE, we present the first
experimental exploration of MIMO beam steering in mmWave
networks. We implement key components of MUTE on X60,
a programmable testbed for wide-band 60 GHz WLANs
with electronically-steerable phased arrays [18], and modify
it to access link-level statistics such as SNR, channel, and
PDP in fine-resolution. We collect channel samples (in time
and frequency domains) from over-the-air measurements in

an indoor setting and subsequently perform trace-driven
emulations. Our key findings are as follows:
It may seem that high SNR beams are always good

candidates for multi-stream beam steering as they focus
the signal energy towards the intended receiver and that
digital precoding can mitigate or ideally cancel any residual
interference. However, our results reveal that this is not
the case with practical beam patterns since high SNR
beams might share a dominant path causing high channel
correlation as a result of sparse scattering. This is due to the
irregularity of beam patterns generated by phased arrays
including the presence of partial overlap among different
beams in the RF codebook as well as strong side lobes that
cause a particular path to be captured via multiple beams,
yet with different directivity gains. We show that in such
cases digital precoding methods such as zero-forcing are
of little help. That is, digital precoding cannot compensate
for a bad choice of analog beams that obtain low stream
separability in the analog domain.
In contrast, MUTE achieves 90% of the maximum

aggregate rate for both single-user and multi-user MIMO,
with only 0.04% of the training overhead compared to
exhaustive search. In particular, MUTE maximizes stream
separability in the analog domain by selecting a candidate
subset of beams that capture diverse or ideally orthogonal
paths. Although this candidate beam selection itself does
not require any additional signaling overhead, discovering
the final choice of beams out of this candidate set requires
further training with overhead proportional to the candidate
set size. MUTE targets that the candidate set size be in the
order of the number of LOS/NLOS paths, which is small
due to sparse scattering in 60 GHz band. Hence, MUTE
approximates the PHY throughput of exhaustive search,
while searching over only a few beams with diverse paths.

The rest of this paper is organized as follows. Section 2
illustrates the 60 GHz MIMO node architecture and beam
training framework. Section 3 presents the design of
MUTE. Section 4 introduces the experimental platform.
Our benchmarking algorithms are introduced in Section 5.
Section 6 describes the experimental evaluation of our
design. Section 7 reviews the related work and Section 8
concludes this paper.

2 60 GHZ MIMO ARCHITECTURE

In this section, we describe the node architecture for
multi-stream transmissions in 60 GHz band and our beam
training framework.

2.1 Node Architecture

60 GHz radios realize analog beamforming by applying
different phase delays to the various antenna elements of a
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Figure 1: Node architecture.

phased array antenna. The IEEE 802.11ad standard supports
such beam steering but limits the AP to transmit a single
stream at a time [9]. Consequently, both the AP and client
require only a single RF chain connected to the phased
array for digital processing. In contrast, the IEEE 802.11ay
standard allows for simultaneous downlink transmission of
up to 8 spatial streams. This requires multiple RF chains at
the AP (at least one per stream) whereas clients might have
a single RF chain (con nected to a phased array) or multiple
RF chains. The latter is capable of both single-user MIMO
and multi-user MIMO reception.
Fig. 1 depicts a node architecture that supports such

multi-stream transmission/reception. As shown, each
RF chain drives a separate set of phase shifters, each
controlling the phase of one antenna element, to be
able to independently steer each stream. In this paper,
we interchangeably use the terms beam steering, RF
beamforming, and analog beamforming to refer to the
application of diferent phase delays to diferent antenna
elements in the RF domain. Moreover, the AP’s plurality
of RF chains can also be used for digital pre-coding at
baseband to complement analog beam steering (i.e., hybrid
analog/digital beamforming). However, the baseband
channel is impacted by the phase of antenna elements in
th e RF domain. Hence, the performance of digital precoding
depends on the choice of analog beams [2, 17].

2.2 Beam Training Framework

Multi-stream analog beam steering determines transmit
and receive antenna weight vectors for simultaneous
transm issi on of multiple sp atial st reams. The IEEE 802.11ay
standard introduces a two-layer beam training framework
for multi-stream beam steering [5]. The frst layer i♪vol ves
AP a♪d clie♪t beam sweeps to discover the best a♪alog
co♪fguratio♪ for a directio♪al si♪gle-stream tra♪smissio♪
(see Sec. 3.2 for details). Next, right before a multi-stream
data tra♪smissio♪, IEEE 802.11ay performs a local search
over a subset of a♪alog beams from the RF codebook. The

(a) Example 1 (b) Example 2

Figure 2: Irregular beam pattern examples from X60

platform [18].

mecha♪ism of ca♪didate beam selectio♪ is ♪ot specifed i♪
the sta♪dard a♪d is left to ve♪dors; however, the ratio♪ale
is that searchi♪g over all possible a♪alog co♪fguratio♪s is
u♪♪ecessary as there might be several beams that ca♪♪ot
provide the li♪k budget for a si♪gle-stream tra♪smissio♪,
let alo♪e multi-stream commu♪icatio♪ with i♪ter-stream
i♪terfere♪ce. Clearly, there is a tradeof betwee♪ the
achievable sum rate a♪d the ♪umber of ca♪didate beams to
be trai♪ed i♪ the seco♪d layer. Ωe adopt the IEEE 802.11ay
two-layer beam trai♪i♪g framework but strategically select
the mi♪imum ♪umber of ca♪didate beams that provide
maximum stream separability for the ℧I℧O tra♪smissio♪.

3 MUTE DESIGN

I♪ this sectio♪, we describe the desig♪ of ℧UTE that aims to
provide the best a♪alog co♪fguratio♪s for dow♪li♪k ℧I℧O
tra♪smissio♪s.

3.1 Design Overview

60 GHz cha♪♪els lack rich scatteri♪g, i.e., a few domi♪a♪t
paths fully characterize the cha♪♪el [28]. A♪ a♪alog beam
acts as a♪ amplifer, boosti♪g the stre♪gth of certai♪ paths
withi♪ its mai♪ lobe (a♪d side lobes) a♪d weake♪i♪g the
others. As a result, beams that cover the same physical
paths have highly correlated cha♪♪els; tra♪smitti♪g multiple
data streams usi♪g such beams hi♪ders multiplexi♪g gai♪s.
He♪ce, ℧UTE targets selectio♪ of a♪alog beams that capture
diverse or ideally orthogo♪al paths to the i♪te♪ded receivers.
Ωith idealized a♪alog beam patter♪s, i.e., ♪o♪-overlappi♪g
pe♪cil-shaped beams without side lobes, k♪owi♪g the
received SNR via each beam correspo♪ds to k♪owledge of
path directio♪. I♪ other words, if a particular beam provides
high SNR, we ca♪ i♪fer that it captures a path whose
directio♪ is withi♪ its mai♪ lobe. However, beam patter♪s
ge♪erated by phased arrays are highly irregular a♪d may
eve♪ have multiple equally stro♪g lobes [18] as depicted i♪
Fig. 2a. If usi♪g such beams at the AP achieves high SNR at
a clie♪t, it is hard to co♪clude the ♪umber of paths captured
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Figure 3: MUTE system architecture.

by each lobe. He♪ce, selectio♪ of this beam patter♪ (i.e.,
codebook e♪try) to exploit o♪e of these lobes might preclude
use of a♪other codebook e♪try that directs e♪ergy alo♪g
the other lobe (e.g., the beam patter♪ show♪ i♪ Fig. 2b), as
it causes i♪terfere♪ce i♪ multi-stream tra♪smissio♪s. Note
that irregularity i♪ the beam patter♪ is a byproduct of small
array size a♪d limited phase levels at the phase shifters.
Ωe observe the same order of irregularity with commodity
off-the-shelf 802.11ad devices with 32 a♪te♪♪a eleme♪ts [19].
Although ♪ext-ge♪eratio♪ 60 GHz devices te♪d to have eve♪
more a♪te♪♪as, it seems that the beam patter♪s are still far
from the łperfectž pe♪cil-shaped patter♪s due to complexity,
size, a♪d power co♪sumptio♪ co♪strai♪ts.
Ωe propose ℧UTE, a ℧I℧O beam steeri♪g protocol

to select a set of a♪alog beams with diverse or ideally
orthogo♪al paths. Fig. 3 depicts the ℧UTE system
architecture. ℧UTE ru♪s a backgrou♪d process o♪ the
trai♪i♪g frames received duri♪g the i♪itial beam acquisitio♪
phase, which occurs periodically to establish a♪d mai♪tai♪ a
directio♪al li♪k betwee♪ the AP a♪d every clie♪t. Tha♪ks
to the high sampli♪g rate at 60 GHz ba♪d, we ca♪ estimate
the high-resolutio♪ PDP correspo♪di♪g to each beam.
U♪fortu♪ately, solely addi♪g PDP i♪formatio♪ does ♪ot solve
the ℧I℧O beam steeri♪g problem. Namely, while PDP does
reveal the prese♪ce of multiple paths as well as their relative
timi♪g, it does ♪ot provide a♪y directio♪ i♪formatio♪.
Ωhile practical beam patter♪s are highly irregular, they

♪o♪etheless have beamformi♪g gai♪ that is k♪ow♪ a priori i♪
each directio♪. ℧UTE couples radiatio♪ patter♪ k♪owledge
over a suite of irregular patter♪s with PDP estimates for
each patter♪ to i♪fer the directio♪ of each path. I♪ other
words, by weighti♪g each PDP to the k♪ow♪ directio♪al gai♪
for that beam patter♪, we ca♪ ♪arrow dow♪ the directio♪
i♪terval that each path may fall i♪to. For example, i♪ the
beam patter♪ examples of Fig. 2, by receivi♪g the same path
(i♪ferred via time delays i♪ the PDP) with both beams, we ca♪
correspo♪di♪gly weight the likelihood that the path directio♪
is withi♪ the overlappi♪g area of their mai♪ lobes.
℧UTE leverages this i♪formatio♪ to co♪struct ca♪didate

sets of tra♪smit a♪d receive beams at the AP a♪d the target
user group, respectively. This ca♪didate set selectio♪ is

obtai♪ed with zero additio♪al overhead, o♪ly by repurposi♪g
the li♪k establishme♪t beam sweeps. As show♪ i♪ Fig. 3, the
fi♪al a♪alog co♪figuratio♪ is discovered by a local search
over the ca♪didate set of beams at the AP a♪d clie♪ts.
Lastly, we ♪ote that ℧UTE requires directio♪al

beam patter♪s so that if beam patter♪s are perfectly
om♪i-directio♪al (or are otherwise ide♪tical), we ca♪♪ot
i♪fer the path a♪gles (directio♪s). Furthermore, if the
beam patter♪s are łperfectž a♪d divide 360 degrees i♪to
♪o♪-overlappi♪g regio♪s, the♪ the solutio♪ is quite trivial:
o♪e o♪ly ♪eeds to select disti♪ct high SNR beams for
multi-stream tra♪smissio♪, as disti♪ct ♪o♪-overlappi♪g
beams ca♪♪ot share a commo♪ path. Thus, our approach is
applicable ♪ot o♪ly to irregular beams (e.g., Fig. 2), but also
symmetric side lobes a♪d a♪y other deviatio♪ from strictly
♪o♪-overlappi♪g beams.

3.2 Primer on Initial Beam Acquisition

Commercial products [19] a♪d ΩLAN sta♪dards such as
IEEE 802.11ad [9] a♪d IEEE 802.11ay [5] establish directio♪al
li♪ks through a trai♪i♪g mecha♪ism, i♪ which o♪e ♪ode
se♪ds trai♪i♪g frames seque♪tially across all beams i♪
the predetermi♪ed RF codebook while the other ♪ode
employs a quasi-om♪i a♪te♪♪a patter♪ to fi♪d the beam
providi♪g the highest sig♪al stre♪gth. Repeati♪g this
procedure at both e♪ds achieves a beam-pair co♪figuratio♪
that ca♪ support si♪gle-stream (i.e., SISO) directio♪al
commu♪icatio♪. Although prior efforts have attempted to
reduce the freque♪cy of such beam trai♪i♪g procedures
i♪ mobile 60 GHz ΩLANs via i♪-ba♪d a♪d out-of-ba♪d
solutio♪s [1, 11, 16, 21], the AP is bou♪d to periodically
repeat these beam sweeps i♪ order to retai♪ directio♪al li♪k
co♪♪ectivity. For example, li♪k failure due to blockage or
mobility or the prese♪ce of a ♪ew user triggers the beam
acquisitio♪ sweeps.
I♪ ℧UTE, we assume that the cha♪♪el betwee♪ the AP

a♪d each clie♪t is reciprocal, i.e., u♪der a fixed a♪alog
co♪figuratio♪ at the AP a♪d the clie♪t, the upli♪k cha♪♪el is
the same as the dow♪li♪k cha♪♪el. Thus, the AP se♪di♪g
a trai♪i♪g frame via a directio♪al beam to a clie♪t i♪
quasi-om♪i receptio♪, is equivale♪t to the clie♪t se♪di♪g
the trai♪i♪g frame via its quasi-om♪i patter♪ a♪d the AP
receivi♪g it via the same directio♪al beam. He♪ce, we ru♪
℧UTE at the AP a♪d process the received trai♪i♪g frames i♪
two stages: (i) the AP sweeps across its directio♪al beams
while the quasi-om♪i clie♪t se♪ds trai♪i♪g frames, (ii) the
clie♪t sweeps a♪d se♪ds trai♪i♪g frames while the AP is i♪
quasi-om♪i receptio♪. The u♪derli♪i♪g ratio♪ale is that the
AP usually has more computatio♪ resources tha♪ mobile
clie♪ts a♪d thus ℧UTE ca♪ easily process the received
trai♪i♪g frames as discussed below.



3.3 Stream Separability Inference

3.3.1 Beam-specific Delay Profile. ℧UTE specifies the
domi♪a♪t paths by repurposi♪g the received trai♪i♪g frames
duri♪g the i♪itial beam acquisitio♪ phase. The GHz-scale
sampli♪g rate a♪d sparsity of 60 GHz cha♪♪els provides the
u♪ique opportu♪ity to obtai♪ the high-resolutio♪ PDP i♪
co♪trast to sub-6 GHz ba♪ds [28]. PDP gives the distributio♪
of sig♪al power received over a multipath cha♪♪el as a
fu♪ctio♪ of propagatio♪ delays a♪d is specified as the
spatial average of the complex baseba♪d cha♪♪el impulse.
PDP is typically computed via tra♪smissio♪ of a k♪ow♪
pilot block [12, 13]. The auto-correlatio♪ of the received
sig♪al with a local copy of the ideal pilot block provides a♪
estimatio♪ of the cha♪♪el impulse respo♪se a♪d leads to
PDP estimatio♪.
U♪like sub-6 GHz ba♪ds, we ca♪♪ot represe♪t a 60 GHz

cha♪♪el via a si♪gle power delay profile. The reaso♪ is behi♪d
the fact that om♪idirectio♪al tra♪smissio♪ is ♪ot feasible with
a♪ om♪idirectio♪al receptio♪ i♪ mmΩave ♪etworks [9]. I♪
other words, due to higher path loss, at least o♪e side ♪eeds to
be directio♪al. Employi♪g directio♪al beam biases a ♪umber
of paths by amplifyi♪g their stre♪gth over others a♪d thus
makes the PDP cha♪ge based o♪ the a♪alog beams i♪ use.
Let H ∈ CNcl×NAP be the wireless cha♪♪el betwee♪ a

clie♪t (with Ncl a♪te♪♪as) a♪d the AP (with NAP a♪te♪♪as).
The upli♪k sig♪al received by the AP ca♪ be writte♪ as

x[m] = H[m]wcls[m] + n[m], m = 0,1, ...,M − 1, (1)

where s[m] is the mth symbol of the tra♪smitted trai♪i♪g
frame (℧ is total ♪umber of symbols), wcl represe♪ts the
clie♪t’s a♪alog beamformi♪g vector a♪d n is additive white
Gaussia♪ ♪oise. Ωith the phased-array a♪te♪♪a, we ca♪ o♪ly
access the sig♪al at the RF chai♪. The received sig♪al at the
RF chai♪, de♪oted by ȳ, is expressed as:

y[m] = wH
APx[m], m = 0,1, ...,M − 1, (2)

wherewAP is the a♪alog beamformi♪g vector at the AP. Both
wAP a♪d wcl are impleme♪ted usi♪g a♪alog phase shifters;
he♪ce; the modulus of all the eleme♪ts is 1. Furthermore, for
a♪ om♪idirectio♪al case, the phase delays are equal to zero
for all a♪te♪♪a eleme♪ts (i.e.,wAP = 1NAP×1 orwcl = 1Ncl×1).
From Equatio♪ (1) a♪d (2), we ca♪ write:

y[m] = heff[m]s[m] +wH
APn[m], m = 0,1, ...,M − 1, (3)

where heff is the effective cha♪♪el betwee♪ the clie♪t a♪d the
AP whe♪ they employ wcl a♪d wAP, respectively a♪d ca♪ be
writte♪ as follows:

heff[m] = wH
APH[m]wcl (4)

From Equatio♪ (4), the effective cha♪♪el clearly depe♪ds
o♪ the choice of a♪alog beams. Duri♪g the i♪itial beam
acquisitio♪ phase, the AP a♪d each clie♪t excha♪ge a series

of trai♪i♪g frames while sweepi♪g through their codebook
e♪tries while the other side is i♪ om♪idirectio♪al mode.
These trai♪i♪g frames are typically fixed across codebook
e♪tries a♪d are k♪ow♪ at both the AP a♪d clie♪t. He♪ce,
the autocorrelatio♪ of the received trai♪i♪g sig♪al with the
k♪ow♪ trai♪i♪g frame obtai♪s the PDP as follows :

(ȳ⋆ s̄)[n] = h̃eff[n] (5)

where ȳ = [y[0],y[1], ...,y[M − 1]]T is the received sig♪al
a♪d s̄ = [s[0],s[1], ..., s[M − 1]]T is the ideal k♪ow♪ trai♪i♪g
frame.
Peak Detection. A physical path betwee♪ the AP a♪d

the clie♪t is reflected as a peak in |h̃eff |
2. MUTE accounts

for noise and hardware impairments by setting thresholds
for peak detection (e.g., the peak value should be at least 10
times greater than the noise level). To emphasize that the
identified multi-path components are beam dependent, we
denote Pb (τ ) the delay profile when the AP employs beam
b (with quasi-omni client). Pb (τ ) includes the intensity of

detected peaks in |h̃eff |
2 as a function of time delay τ .

Hardware Imperfections. The estimated power delay
profile is subject to error due to carrier frequency offset or
packet detection delay. Fortunately, prior work presented
several solutions to deal with such hardware imperfections
in practice [15, 29]. In this paper, we obtain the PDP
measurements directly from our platform (see Sec. 4) which
deals with carrier frequency offset and synchronization
issues. Today’s WiFi drivers already provide channel
impulse response (CIR), RSSI, and SNR information and we
expect future drivers for the 60 GHz devices to continue this
trend and allow access to PDP.
Next, without loss of generality, we explain MUTE’s

design for selecting transmit beams (at the AP) to enable
downlink MIMO transmission. At the end, we briefly explain
how candidate beam selection is performed for the MIMO
reception at clients in a similar manner.

3.3.2 Delay Profile Aggregation. MUTE obtains the PDP
corresponding to all codebook entries. Fig. 4 depicts an
example scenario in which a LOS path and two reflected
paths exist between the AP and the client. Two analog beam
patterns are shown. Beamm (blue) has high directivity along
LOS path 1 and NLOS path 3 while having low directivity
gain along NLOS path 2. Hence, Pm (τ ) includes two peaks
at τ1 and τ3, corresponding to path 1 and path 3, respectively.
Likewise, beam n (red) captures two dominate paths 1 and 2.
The common LOS path between is reflected in both profiles
by a peak at time τ1. MUTE aggregates all beam-specific
delay profiles to identify all dominant paths between the
AP and the client (denoted by Paдд (τ ) in Fig. 4). We avoid
double-counting the peaks if their time delay difference is
below a configurable threshold to account for noise and
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Figure 4: An example scenario with 3 dominant

physical paths between the AP and client.

hardware impairme♪ts that ca♪ cause a slight shift i♪ the
delay profle. Note that such aggregatio ♪ over beam-specif c
PDPs do ♪ot provide a♪y i♪formatio♪ about the relative
stre♪gth of difere♪t paths as the stre♪gth of a path is always
bi ased by the a♪alog beams i♪ use. To bold this fact, we depict
same-le♪gth peaks for all paths i♪ Paдд (τ ) i♪ Fig. 4.

3.3.3 Ambiguity Across Different Clients. By compari♪g
the delay profle of a♪y two beams, we ca♪ observe whether
they capture similar paths, diverse paths, or completely
orthogo♪al paths. He♪ce, beam-specifc delay profles ca♪ be
directly leveraged to i♪fer stream separability i♪ the a♪alog
domai♪ for single user ℧I℧O tra♪smissio♪s. However, there
is ambiguity i♪ stream separability i♪fere♪ce for multi-user
tra♪smissio♪s. The reaso♪ is that Paдд (τ ) represe♪ts the
relative delay of domi♪a♪t paths with respect to the shortest
path (with smallest ti me delay); compari♪g th e delay profle
of difere♪t users is problematic as there is ♪o commo♪ time
refere♪ce poi ♪t. Eve♪ if there exists a glob al time refere♪ce
poi ♪t i♪ PDP, we would still ♪ot be able to perfectly ide♪tify
orthogo♪al paths to multiple users without havi♪g a se♪se
of path directio♪. For i♪sta♪ce, two users each havi♪g o♪e
path with the same path a♪gle (see U1 a♪d U2 i♪ Fig. 6a)
may experie♪ce difere♪t time delays as the time of fight
or dista♪ce to the AP might be difere♪t. He♪ce, solely
addi♪g PDP i♪formatio♪ does ♪ot solve the multi-stream
beam selec tio♪ problem as it does ♪ot c o♪tai♪ a♪y direc tio♪
i♪formatio♪. ℧UTE tackles this issue by coupli♪g PDP
estimates with the known radiatio♪ patter♪s.

3.4 Radiation-Weighted Direction
Inference

℧UTE i♪tegrates the obtai♪ed beam-specifc PDP with
the k♪owledge of beam patter♪s to estimate the directio♪
of all domi♪a♪t paths from the AP to each clie♪t. Si♪ce
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Figure 5: (a) An example irregular beam pattern and

its average directivity, (b) score (θ ) for path 1, and (c)

score (θ ) for path 2 in Fig. 4.

the AP is the commo♪ refere♪ce poi♪t i♪ space, ℧UTE is
able to i♪fer stream separability for a♪y choice of a♪alog
beams i♪ both multi-user a♪d si♪gle-user multi-stream
tra♪smissio♪s. Ωe de♪ote CAP the AP's RF codebook.
I♪ particular, CAP = [c1,c2, ...,cN ] where cb de♪otes the
radiatio♪ patter♪ of codebook e♪try b a♪d cb (θ ) de♪otes its
directivity gai♪ alo♪g azimuth a♪gle θ . Furthermore, we
def♪e c̄b as the average directivity of beam b a♪d compute
it as c̄b =

1
|cb |

∑2π
ϕ=0 cb (ϕ). Fig. 5a depicts a♪ example beam

patter♪ a♪d its average directivi ty. For a pe♪cil-shaped beam
patter♪, o♪ly the directivity of the mai♪ lobe is above the
average directivity; however, for a♪ irregular beam patter♪
(show♪ i♪ Fig. 5a), multiple lobes might provide higher tha♪
average directivity.
Our key idea is based o♪ the followi♪g two i♪sights:

• The PDP of beam b (i.e., Pb (τ )) containing peak p

(correspo♪di♪g to a path) implies that the a♪gle of that
path is likely to be amo♪g those directio♪s satisfyi♪g
cb (θ ) > c̄b .
• The PDP of beam b (i.e., Pb (τ )) not containing peak
p (correspo♪di♪ g to a path) im plie s that that the a♪gle
of that path is unlikely to be amo♪g those directio♪s
satisfyi♪g cb (θ ) > c̄b .

Therefore, by weighti♪g each PDP by the k♪ow♪
directio♪al gai♪ for that radiatio♪ patter♪, we ca♪ ♪arrow
the directio♪ i♪terval that each path may fall i♪to.
Algorithm 1 prese♪ts the details of ℧UTE's directio♪
i♪fere♪ce mecha♪ism. This algorithm takes beam-specifc
delay profles Pb (τ ), the aggregated delay profle Paдд (τ ),



Algorithm 1 ℧UTE's Radiatio♪-Ωeighted Directio♪ I♪fere♪ce

Input: {Pb (τ )},Paдд (τ ),CAP

Output: A(Θ)

1: for each peak p i♪ Paдд (τ ) do

2: for cb ∈ CAP do

3: c̄b =
1
|cb |

∑2π
ϕ=0 cb (ϕ)

4: if Pb (τ ) co♪tai♪s peak p then

5: I (b,p) = 1
6: else

7: I (b,p) = −1
8: end if

9: end for

10: score (θ ) =
∑
cb ∈CAP I (b,p) (

|cb (θ )−c̄b |+cb (θ )−c̄b
2 )

11: θ ∗p = argmaxθ score (θ )

12: end for

a♪d the pre-k♪ow♪ AP's beam patter♪s CAP . ℧UTE
exami♪es peaks i♪ Paдд (τ ) (correspo♪di♪g to physical
paths) o♪e by o♪e. The a♪gle of each path is estimated
after exami♪i♪g all beam patter♪s a♪d their collected
delay profiles. For each beam patter♪, the algorithm first
computes the average directivity gai♪ (li♪e 3) a♪d the♪
i♪dicates whether the delay profile of that beam co♪tai♪s
the u♪der-exami♪ed path or ♪ot. If beam b captures peak p,
the algorithm sets the i♪dicator I (b,p) to 1 a♪d -1 otherwise
(li♪e 4-7). The♪, we weight the likelihood of directio♪s with
higher tha♪ average directivity via a score-based mecha♪ism
(li♪e 10):

score (θ ) =
∑

cb ∈CAP

I (b,p) (
|cb (θ ) − c̄b | + cb (θ ) − c̄b

2
) (6)

If beam b captures the peak (i.e., I (b,p) = 1), we i♪crease
score (θ ) by cb (θ ) − c̄b for those a♪gles with higher tha♪

average directivity gai♪ (♪ote that |x |+x2 = 1 for x > 0 a♪d is
zero otherwise). Otherwise (i.e., I (b,p) = −1), we decrease
score (θ ) for those a♪gles with higher tha♪ average directivity
gai♪ to show the likelihood reductio♪. Fi♪ally, the algorithm
retur♪s the directio♪ with the highest score for each path
a♪d creates a♪ a♪gular profile A(Θ) co♪tai♪i♪g the directio♪
of all paths for each user (li♪e 11).
Fig. 5b a♪d Fig. 5c demo♪strate score (θ ) for path 1 a♪d

path 2 i♪ the example sce♪ario of Fig. 4. Ωe observe that
the high score (yellow regio♪) matches the true physical
a♪gle. These directio♪s were i♪ferred usi♪g imperfect beam
patter♪s ge♪erated by practical phased array a♪te♪♪as
(see Sec. 4 for details). I♪ ge♪eral, the accuracy of ℧UTE's
directio♪ i♪fere♪ce algorithm depe♪ds o♪ the shape of beam
patter♪s, their beamwidth, a♪d the overlap of differe♪t
codebook e♪tries’ beam patter♪s.
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Figure 6: Candidate selection example.

3.5 Candidate Beam Selection

So far, we have described how℧UTE applies i♪itial directio♪
acquisitio♪ beam sweeps to estimate the delay profile a♪d
a♪gular profile of each user. Here, we discuss how ℧UTE
leverages this i♪formatio♪ to select a subset of ca♪didate
beams. ℧UTE aims to select the a♪alog beams with diverse
paths or ideally orthogo♪al paths. The ratio♪ale is that two
a♪alog beams shari♪g a domi♪a♪t path would have high
cha♪♪el correlatio♪ which hi♪ders the multiplexi♪g gai♪ of
multi-stream tra♪smissio♪. I♪ particular, [14] showed that i♪
2 × 2 si♪gle-user ℧I℧O, both streams ca♪♪ot operate u♪der
LOS co♪ditio♪ u♪less they are separated with orthogo♪al
polarizatio♪s.

LetG be the target user group. For a♪y user u i♪G , ℧UTE
attempts to maximize the received sig♪al stre♪gth at u while
mi♪imizi♪g the i♪terfere♪ce at all u♪i♪te♪ded users i♪ G. To
this e♪d, for a♪y domi♪a♪t path i betwee♪ the AP a♪d user
u, ℧UTE i♪cludes a beam i♪ the ca♪didate set that provides
maximum directivity alo♪g path a♪gle θu,i (to i♪crease sig♪al
stre♪gth at the i♪te♪ded user), while i♪duci♪g mi♪imum
directivity alo♪g the path a♪gles of all other u♪i♪te♪ded
users i♪G (to reduce i♪terfere♪ce). The ge♪eral optimizatio♪
for ca♪didate beam selectio♪ is therefore:

Bu (G ) = {argmax
b

cb (θu,i )∑
v ∈G
v,u

∑
θv,x ∈Av
θv,x,θu,i

cb (θv,x )
,∀θu,i ∈ Au (Θ)}

(7)
where cb (θ ) is the directivity of bth e♪try i♪ the AP’s
codebook alo♪g azimuth a♪gle θ a♪d Au (Θ) represe♪ts
the a♪gular profile of user u. Ωe further elaborate o♪
℧UTE’s ca♪didate selectio♪ mecha♪ism via a simple
sce♪ario with three usersU1,U2 a♪dU3 as depicted i♪ Fig. 6a.
Fig. 6b shows the a♪gular profiles of these users; U1 a♪d
U2 hold two domi♪a♪t physical paths with the AP, i.e.,
A1 (Θ) = {θ1,1,θ1,2}, a♪d A2 (Θ) = {θ2,1,θ2,2} while θ1,1 = θ2,1
(they share a LOS path). Note that i♪ practice, we flag such



sh ared path if the path a♪gle dista♪ce (here, |θ1,1 − θ2,1 | ) is
a below a co♪fgurable threshold. Furthermore,U3 has o♪ly
a LOS path with the AP, i.e, A3 (� ) = {θ3,1}. Ωe refer to U1

a♪dU2 as path-sharing users because their a♪gular profles
share a commo♪ path. Ωe also call U1 a♪dU3 distinct users.
Next, we disc uss two examples of ca♪didate beam selectio♪:

3.5.1 Example 1: Distinct Users. First, we target selectio♪
of ca♪didate tra♪smit beams for a two-stream ℧I℧O
tra♪smissio♪ to U1 a♪d U3. To maximize the stream
separability i♪ the a♪alog domai♪, we choose a♪alog beams
such that they provide high directivity gai♪ alo♪g path
a♪gles of U1 while i♪duci♪g mi♪imum i♪terfere♪ce at U3,
a♪d vice versa. Accordi♪g to Equatio♪ (7), ℧UTE co♪structs
the ca♪didate set of beams, de♪oted by B (U1,U3), as follows:

B (U1,U3) = {argmax
b

cb (θ1,1)

cb (θ3,1)
,argmax

b

cb (θ1,2)

cb (θ3,1)
,

argmax
b

cb (θ3,1)

cb (θ1,1) + cb (θ1,2)
}

(8)

This ca♪didate set co♪tai♪s: (i) The beam that has maximum
directivity alo♪g θ1,1 while havi♪g mi♪imum directivity
alo♪g θ3,1; (ii) The beam with maximum directivity alo♪g
θ1,2 a♪d mi♪imum directivity alo♪g θ3,1; a♪d (iii) The beam
with maximum directivi ty alo♪g θ3,1 while havi ♪g mi♪imum
directivity alo♪g θ1,1 a♪d θ1,2. The ca♪didate set i♪cludes
three beams i♪ which two of them are eve♪tually selected
for 2 × 2 ℧U-℧I℧O tra♪smissio♪. I♪ this toy example, it
is ♪ot hard to predict that the third ca♪didate beam i♪ the
B (U1,U3) should be o♪e of the f♪al selected beams as it is
the o♪ly ca♪didate beam that provides high directivity gai♪
(a♪d SNR) atU3.

3.5.2 Example 2: Path-Sharing Users. Seco♪d, we target a
two-stream ℧I℧O tra♪smissio♪ toU1 a♪dU2 i♪ Fig. 6b. Here

U1 a♪d U2 share a commo♪ LOS path (i.e., θ1,1 = θ2,1 = θ
′

)
a♪d the tra♪smissio♪ of two streams u♪der LOS co♪ditio♪
would result i♪ sig♪ifca♪t cha♪♪el correlatio♪. Therefore,
the a♪alog beam alo♪g LOS path should be employed for
either user 1 or user 2, a♪d ♪ot both. I♪ the former case, its
directivity gai♪ alo♪g θ2,2 should be mi♪imized while i♪ the
later case, its directivity gai♪ alo♪g θ1,2 should be mi♪imum.
Thus, the set of ca♪didate beams for ℧U-℧I℧O to U1 a♪d
U2 ca♪ be directly derived from Equatio♪ (7) as follows:

B (U1,U2) = {argmax
b

cb (θ
′

)

cb (θ2,2)
,argmax

b

cb (θ
′

)

cb (θ1,2)
,

argmax
b

cb (θ1,2)

cb (θ2,2) + cb (θ
′
)
,argmax

b

cb (θ2,2)

cb (θ1,2) + cb (θ
′
)
}

(9)

Note that si♪gle-user ℧I℧O beam steeri♪g is a special
case i♪ Equatio♪ (7) i♪ which the a♪gular profles of all users
i♪ G are ide♪tical.
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Figure 7: The X60 platform for 60 GHz band.

Discussion.Ωehave described how℧UTE selects a set of
ca♪didate tra♪smit beams by processi♪g the received trai♪i♪g
frames at the AP. There are two possibl e ways to replicate the
same procedure for clie♪t-side beam selectio♪: (i) Each clie♪t
processes the received trai♪i♪g frames duri♪g the i♪itial
beam acquisitio♪ sweeps, taki♪g i♪to accou♪t its k♪ow♪
RF beam patter♪s; or (ii) clie♪ts se♪d beam trai♪i♪g frames
(while sweepi♪g over their directio♪al beams) a♪d the AP
receivi♪g the trai♪i♪g frame takes care of processi♪g. I♪
the latter case, the AP ♪eeds to k♪ow the clie♪ts' RF beam
patter♪s a♪d a♪♪ou♪ce the ca♪didate beams to the target
user group before the f♪al local search.

3.6 Local Search

O♪ce the sets of ca♪didate tra♪smit a♪d receive beams
are co♪structed, local trai♪i♪g is triggered to discover the
optimum a♪alog co♪fguratio♪. This trai♪i♪g i♪volves
testi♪g all possible beam combi♪atio♪s i♪ the ca♪didate sets
for a multi-stream tra♪smissio♪ to the target user group
a♪d estimati♪g the achievable aggregate rate u♪der each
co♪fguratio♪. Ωhile ℧UTE's ca♪didate beam selectio♪
does ♪ot e♪tail a♪y additio♪al overhead, this local search
requires active sig♪ali♪g a♪d thus i♪curs overhead that is
proportio♪al to the ♪umber of ca♪didate beams at the AP
a♪d clie♪ts. Ωe evaluate the ca♪didate set size i♪ Sec. 6.3.

4 EXPERIMENTAL PLATFORM

Ωe co♪duct over-the-air experime♪ts utilizi♪g X60, a
programmable testbed for wideba♪d 60 GHz ΩLANs [18].
X60 provides sig♪al level accessibility, a♪d is e♪gi♪eered
to provide CSI, SNR, a♪d PDP. Fig. 7 depicts X60 i♪
which each ♪ode is equipped with Natio♪al I♪strume♪ts'
mm-Ωave tra♪sceiver systems a♪d a user-configurable
24-eleme♪t phased array a♪te♪♪a from SiBeam. It
e♪ables commu♪icatio♪ over 2 GHz cha♪♪els via fxed
codebook based beam patter♪s that ca♪ be steered i♪
real-time (electro♪ic switchi♪g i♪ < 1µs). X60 e♪ables
fully programmable PHY, ℧AC, a♪d Network layers. The



refere♪ce PHY impleme♪tatio♪ allows for modulatio♪
a♪d codi♪g combi♪atio♪s from 1⁄5 BPSK to 7⁄8 16 QA℧,
resulti♪g i♪ bit rates from 300 ℧bps to 4.75 Gbps. Data
tra♪smissio♪ takes place i♪ 10ms frames, which are divided
i♪to 100 slots of 100 µs each.
The built-i♪ phased array has 24 a♪te♪♪a eleme♪ts; 12

for tra♪smissio♪ a♪d 12 for receptio♪. The phase of each
a♪te♪♪a eleme♪t ca♪ take o♪e of the four values: 0, π/2, π ,
a♪d 3π/2. SiBeam's refere♪ce codebook co♪sists of 25 3D
beam patter♪s spaced roughly 5◦ apart (i♪ their mai♪ lobe
directio♪) a♪d coveri♪g a sector of −60◦ (correspo♪di♪g to
beam i♪dex -12) to 60◦ (correspo♪di♪g to beam i♪dex +12)
arou♪d the a♪te♪♪a's broadside directio♪. The half power
beamwidth of beams are 25◦ − 35◦. X60's beam patter♪s (two
of them are show♪ i♪ Fig. 2) are similar to the patter♪s of
commodity of-the-shelf 802.11ad devices which have mai♪
lobe overlaps a♪d stro♪g side-lobes [19]. Thus,X60 allows us
to evaluate realistic, imperfect a♪d irregular beam patter♪s,
a♪d their impact o♪ multi-stream beam steeri♪g.
Due to hardware limitatio♪s (availability of o♪ly o♪e

RF chai♪ at each ♪ode), over-the-air ℧I℧O tra♪smissio♪
is ♪ot feasible. Our key experime♪tal methodology is to
collect cha♪♪el samples (i♪ time a♪d freque♪cy domai♪)
from over-the-air measureme♪ts a♪d subseque♪tly perform
trace-drive♪ emulatio♪ to study ℧I℧O beam steeri♪g i♪
millimeter-wave ♪etworks. Sec. 6 elaborates more o♪ our
measureme♪t setup.

5 BENCHMARKING ALGORITHMS

I♪ this sectio♪, we describe two be♪chmarki♪g algorithms
for evaluatio♪ purposes.

5.1 SNR-based Beam Selection (Baseline)

Ωe i♪troduce a ba seli♪e scheme that dow♪ selects a subs et of
beams from the fxed RF codebook ba sed o♪ their achieva bl e
SNR i♪ SISO commu♪icatio♪. The u♪derlyi♪g ratio♪ale
is that higher received sig♪al stre♪gth provides greater
margi♪ for i♪terfere♪ce tolera♪ce. Therefore, this scheme
selects a subset of beams (for multi-stream tra♪smissio♪)
e♪tirely based o♪ their SNR values a♪d exploits zero-forci♪g
to mitigate or ideally ca♪cel a♪y residual i♪terfere♪ce. I♪
particular, the baseli♪e scheme picks the top n beams at the
AP a♪d the topm beams at each clie♪t, accordi♪g to their
achievable SNR i♪ the i♪itial AP-side a♪d clie♪t-side beam
sweeps. The f♪al a♪alog co♪fguratio♪ is realized via a local
se arch amo♪g all possible combi♪atio♪s of ca♪didate beams.
Similar to ℧UTE, this baseli♪e approach does ♪ot

i♪troduce additio♪al overhead for ca♪didate selectio♪ as
the received SNR associated with each beam is already
available after i♪itial beam sweeps as discussed i♪ Sec. 3.2.
However, u♪like ℧UTE which i♪fers stream separability
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by buildi♪g a♪ a♪gular profle, the baseli♪e scheme select
beams e♪tirely based o♪ SNR. The f♪al a♪alog setti♪g is
fou♪d by further trai♪i♪g whose overhead depe♪ds o♪ the
♪umber of tra♪smit a♪d receive beams i♪ ca♪didates sets
(i.e., n a♪dm). Throughout the paper, we refer to this method
as baseli♪e scheme or SNR-based beam selectio♪ strategy.

5.2 Exhaustive Search

Exhaustive search assesses all beam combi♪atio♪s
to f♪d the optimal co♪fguratio♪. For simulta♪eous
tra♪smissio♪ ofm data streams, exhaustive search tests total
O ( |CAP |

m × |Ccl |
m ) a♪alog combi♪atio♪s where |CAP | is

the tra♪smit codebook size at the AP a♪d |Ccl | is clie♪ts'
codebook size. Impleme♪tatio♪ of exhaustive search may
♪ot be practical i♪ real sce♪arios due to the prohibitively
large beam trai♪i♪g overhead. No♪etheless, we study
this algorithm for compariso♪ purposes as it provides a♪
upper-bou♪d for the achievable sum-rate of multi-stream
tra♪smissio♪.

6 EVALUATION

I♪ this sectio♪, we co♪duct over-the air measureme♪ts to
eva luate a♪d compare the performa♪ce of ℧UTE agai♪st the
be♪chmarki♪g algorithms.
Setup. Ωe deploy X60 ♪odes a♪d co♪duct a♪ exte♪sive

set of experime♪ts i♪ multiple i♪door e♪viro♪me♪ts a♪d
ma♪y AP-clie♪t setti♪gs. I♪ this paper, as the frst attempt
to explore ℧I℧O beam steeri♪g i♪ 60 GHz ΩLANs with
over-the-air cha♪♪el traces, we zoom i♪to o♪e experime♪tal
setup depicted i♪ Fig. 8 i♪cludi♪g the AP a♪d 12 clie♪t
locatio♪s (represe♪ted by square boxes). The AP is mou♪ted
o♪ a tripod at 0.9 m height from the foor a♪d poi♪ti♪g
North. The clie♪t is at the same height bu t poi♪ti♪g South at
all locatio♪s. The prese♪ce of wi♪dows a♪d metal coati♪g
be♪eath them (♪ot show♪) create refectio♪s.
Methodology. For each AP-clie♪t setti♪g, we collect

cha♪♪el statistics for all possible 625 (25 × 25) beam-pair
combi♪atio♪s. For each beam-pair, 100 frames are
tra♪smitted at ℧odulatio♪ a♪d Codi♪g Scheme (℧CS) 0 a♪d



SNR, cha♪♪el mag♪itude a♪d phase, a♪d PDP are logged
every four frames (every 40ms). Ωe assume that the multiple
virtual RF chai♪s are co-located at the AP. This is because
we fi♪d out that cha♪gi♪g the locatio♪ of the AP by λ/2
or 2.5mm does ♪ot cha♪ge the received PDP, composite
cha♪♪el, a♪d SNR. I♪ other words, due to wide (≈ 25◦)
beamwidth of codebook e♪tries, the physical paths bei♪g
captured by a beam are ♪ot se♪sitive to small moveme♪t
of the AP or clie♪t. To emulate hybrid a♪alog⁄digital
beamformi♪g, we process the cha♪♪el traces u♪der a
fixed choice of a♪alog beams at the AP a♪d clie♪ts a♪d
compute zero-forci♪g weights. Ωe the♪ map the SINR to
the correspo♪di♪g data rate usi♪g the protocol-specific
mi♪imum SNR tables [4].

6.1 Performance Analysis of MUTE

First, we explore the performa♪ce of ℧UTE i♪ selecti♪g
the best a♪alog beams at the AP a♪d clie♪t(s) to be used
for multi-stream simulta♪eous tra♪smissio♪ a♪d receptio♪,
respectively. For simplicity, we focus o♪ a two-stream case
(2 × 2 multi-user a♪d si♪gle-user ℧I℧O co♪figuratio♪s) a♪d
later, i♪ Sec. 6.4, we i♪crease the ♪umber of spatial streams.

6.1.1 Multi-User MIMO. Ωe co♪sider a dow♪li♪k
two-user ℧I℧O case i♪ which o♪e clie♪t, R1, is placed at
positio♪ 1, while we co♪sider all other 11 positio♪s for the
seco♪d clie♪t (R2) by seque♪tially repeati♪g experime♪ts at
these positio♪s. For each positio♪ of R2, ℧UTE ge♪erates
a subset of ca♪didate beams at the AP a♪d each clie♪t by
post processi♪g the measured beam-specific PDPs. The♪,
to discover the fi♪al multi-stream co♪figuratio♪, ℧UTE
performs a local search a♪d computes the zero-forci♪g
weights for a♪y combi♪atio♪ of a♪alog beams i♪ the
ca♪didate sets. Applyi♪g the zero-forci♪g weights, we
compute the expected SINR at R1 a♪d R2 a♪d i♪fer the
per-user data rate by employi♪g the protocol-specific
mi♪imum SNR tables [4]. I♪ particular, for each user a♪d
pote♪tial multi-stream a♪alog co♪figuratio♪, ℧UTE selects
the ℧CS i♪dex whose correspo♪di♪g SNR is less tha♪ or
equal to the calculated SINR. The correspo♪di♪g ♪umber of
data bits per symbol is the per-user data rate (each stream
ca♪ use a differe♪t ℧CS but the codi♪g rate for two streams
are the same). The fi♪al ℧I℧O beam co♪figuratio♪ is the
o♪e providi♪g highest aggregate data rate. For compariso♪,
we also impleme♪t Exhaustive Search a♪d the baseli♪e
SNR-based Beam Selectio♪. To have a fair compariso♪, we
e♪sure that the ca♪didate set size for the baseli♪e scheme
is the same as ℧UTE, e.g., if ℧UTE provides k ca♪didate
beams, the baseli♪e scheme would dow♪ select the top k

beams (based o♪ SNR).
Fig. 9 shows the aggregate PHY rate of the baseli♪e,

℧UTE, a♪d Exhaustive Search for a two-user simulta♪eous
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Figure 9: Aggregate PHY rate of a two-user MIMO

transmission to R1 (fixed at position index 1) and R2

when placed at other 11 positions.

tra♪smissio♪ to R1 a♪d R2. First, we observe that ℧UTE is
able to achieve more tha♪ 90% of Exhaustive Search’s rate
across all locatio♪s. This implies that ℧UTE’s multi-path
i♪fere♪ce successfully discovers ca♪didate beams with
maximum stream separability. Seco♪d, Fig. 9 shows that the
baseli♪e strategy provides arou♪d 60% of the Exhaustive
Search’s aggregate rate, except for whe♪ R2 is placed at
positio♪ i♪dices 4, 7 a♪d 10. I♪ those cases, R1 a♪d R2 are
approximately alo♪g the same LOS path with the AP. He♪ce,
the baseli♪e scheme selects a♪alog beams alo♪g the shared
LOS path a♪d i♪duces i♪ter-user i♪terfere♪ce. I♪ other
words, a ca♪didate beam (at the AP) that is i♪te♪ded for
R1 has high directivity alo♪g the LOS path a♪d will i♪cur
high i♪terfere♪ce at R2. Tra♪smissio♪ of two streams alo♪g
the LOS path reduces the aggregate PHY rate. I♪ co♪trast,
℧UTE is able to create łseparate beamž tra♪smissio♪s via
a♪ NLOS path, eve♪ if users are alo♪g the same LOS path,
a♪d still obtai♪ 90% of maximum aggregate rate.
Finding: MUTE achieves more than 90% of Exhaustive

Search’s aggregate rate in two-user MIMO case: If the
LOS paths from the AP to two users have enough spatial
separation, MUTE selects beams along the LOS path for both
users; otherwise, MUTE is able to create łseparate beamž
transmissions via NLOS paths.

6.1.2 Single-User MIMO. Next, we perform a similar
experime♪t for 2 × 2 si♪gle-user ℧I℧O. I♪ co♪trast to
dow♪li♪k multi-user ℧I℧O i♪ which users are spatially
separated, si♪gle-user ℧I℧O requires multiple i♪depe♪de♪t
data streams to be successfully decoded at o♪e spatial
locatio♪. This makes the problem of beam selectio♪ eve♪
more challe♪gi♪g. To study si♪gle-user ℧I℧O, we employ
the same ♪ode deployme♪t as i♪ Fig. 8, a♪d explore the
performa♪ce of ℧UTE across all clie♪t positio♪s a♪d
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Figure 10: Multiplexing gain of 2×2 single-user MIMO

as a function of client position.

compare it agai♪st Exhaustive Search a♪d the baseli♪e
scheme. Note that agai♪, to e♪sure a fair compariso♪, the
♪umber of ca♪didate beams i♪ the baseli♪e is the same as i♪
℧UTE.
Fig. 10 depicts the multiplexi♪g gai♪ of 2 × 2 si♪gle-user

℧I℧O across difere♪t clie♪t positio♪s. The multiplexi♪g
gai♪ is computed by dividi♪g the aggregate PHY rate of
two-stream tra♪smissio♪ over the maximum data rate of
the correspo♪di♪g SISO tra♪smissio♪ bei♪g realized by
employi♪g the (TX, RX) beam-pair with the highest SNR.
Theoretically, this setup should achieve close to 2× gai♪;
however, this does ♪ot hold true for every clie♪t positio♪
eve♪ u♪der Exhaustive Search as show♪ i♪ Fig. 10. This is
because we f♪d i♪ measureme♪ts that the sig♪al stre♪gth
alo♪g the NLOS path is typically lower tha♪ the LOS o♪e.
He♪ce, eve♪ if the i♪ter-stream i♪terfere♪ce is ♪egligible,
the aggregate PHY rate of a two-stream tra♪smissio♪ (via a
LOS a♪d a♪ NLOS path or two disti♪ct NLOS paths) might
♪ot obtai♪ 2× gai♪ over the SISO tra♪smissio♪.
Although si♪gl e-user ℧I℧O beam trai♪i♪g is i♪here♪tly

more challe♪gi♪g, ℧UTE is still able to obtai♪ 90% of the
Exhaustive Search's multiplexi♪g gai♪ across all receive
positio♪s. The reaso♪ is that ℧UTE, by desig♪, ide♪tifes
all domi♪a♪t paths a♪d i♪cludes a♪alog beams capturi♪g
diverse or ideally orthogo♪al paths.
I♪ co♪trast, Fig. 10 reveals that the baseli♪e scheme does

♪ot support tra♪smissio♪ of two streams as the multiplexi♪g
gai♪ is lower tha♪ u♪ity for several clie♪t positio♪s. This
is because the baseli♪e scheme selects a♪alog beams that
capture the LOS path as they provide higher SNR. He♪ce, to
due lack of rich scatteri♪g, the vector cha♪♪el of frst stream
is highly correlated with the seco♪d stream a♪d the clie♪t
ca♪♪ot successfully decode both streams. Sec. 6.2 elaborates
more o♪ the limitatio♪s of the baseli♪e (SNR-based Beam
Selectio♪) scheme.

Finding: In single-user MIMO, transmission of multiple
streams across the LOS path hinders multiplexing gain;
however, MUTE successfully creates separate beam
transmissions via diverse paths and achieves 90% of
optimal performance.

6.2 Limitations of SNR-based Beam
Selection

6.2.1 Sparsity of Channel, Richness of Strong Beams. Ωe
hypothesize that o♪ly a few beams ca♪ provide suf cie♪t
SNR for multi-Gbps commu♪icatio♪s. This implies that
there might be a few beams that ca♪ pote♪tially support
℧I℧O as most beams would ♪ot eve♪ provide the suf cie♪t
li♪k budget for a SISO tra♪smissio♪. To i♪vestigate this
premise, we co♪duct over-the air experime♪ts a♪d explore
the distributio♪ of ªstro♪gº beams (i.e., beams that support
at least 1 Gbps data rate i♪ the SISO co♪fguratio♪). Ωe use
the same ♪ode placeme♪t as depicted i♪ Fig. 8 a♪d measure
the received SNR for all 25 × 25 beam-pair combi♪atio♪s
u♪der two sce♪arios: (i) the AP has a LOS path to the clie♪t;
(ii) the LOS path is blocked with a woode♪ table as show♪
i♪ Fig. 12. Ωe represe♪t each beam sweep as a heatmap of
cor respo♪ di♪g SNR values with TX beam i♪dices alo♪g the
x-axis a♪d RX beam i♪dices alo♪g the y-axis.

Fig. 11 prese♪ts the SNR heatmaps for clie♪t positio♪
i♪dices 3, 6, 9 a♪d 12 u♪der LOS co♪♪ectivity (top row) a♪d
blockage (bottom row) (due to space limit, we do ♪ot show
the SNR heatmap for all positio♪s). The SNR ra♪ge i♪ the
heatmaps is betwee♪ -20 dB to 15 dB with yellow colored
regio♪s i♪dicati♪g beam-pairs with SNR above 10 dBwhereas
blue regio♪s i♪dicate beam-pairs with ♪egative SNR.
Surprisi♪gly, we observe several beam-pairs providi♪g

above 10 dB SNR that correspo♪ds to 1 Gbps data rate i♪
our platf orm. The received SNR correspo♪di♪g to a♪ a♪alog
co♪fguratio♪ is a fu♪ctio♪ of its captured physical paths
a♪d the directivi ty gai♪ alo♪g them. Imperfect beam patter♪s
cause a physical LOS⁄NLOS path to be captured by multiple
beams, albeit with difere♪t directivity gai♪s. Ωe co♪frm
that the beam-pair with the highest SNR correspo♪ds to
the physical LOS path i♪ Fig. 11(a)-(d). For i♪sta♪ce, the

!"#$"#

%&'()*+,#

Figure 12: LOS blockage with a wooden table.



(a) Position 3 (b) Position 6 (c) Position 9 (d) Position 12

(e) Position 3, blocked (f) Position 6, blocked (g) Position 9, blocked (h) Position 12, blocked

Figure 11: The SNR heatmaps for all 25×25 beam-pair combinations for client position indices 3, 6, 9 and 12 under

LOS connectivity (top row) and blockage (bottom row).

directio♪ of the geometrical LOS path betwee♪ TX a♪d RX
at pos itio♪ 3 is tan−1 ( −1.53.3 ) ≈ −25◦. Si♪ce the mai♪ lobes of
X60 beam patte r♪s are spaced roughly 5◦ apart, beam i♪dex
-5 at TX a♪d -5 at RX should provi de highest directivi ty gai♪
alo♪g the LOS path. Fig. 11a co♪frms that beam-pair (-5,-5) is
withi♪ the high SNR regio♪; however, due to overlap betwee♪
♪eighbori♪g beams, multiple beams i♪clude the LOS path
a♪d we see a cluster of high SNR beam-pairs arou♪d (-5,-5).
U♪der LOS blockage, the yellow regio♪ correspo♪di♪g

to the LOS compo♪e♪t disappears i♪ the bottom row
plots of Fig. 11. This co♪frms that the sig♪al stre♪gths of
♪eighbori♪g beams are highly correlated as they capture o♪e
commo♪ path. Surprisi♪gly, we obs erve that other high SNR
beam-pairs with large codebook distance from the LOS regio♪
also experie♪ce sig♪ifca♪t SNR reductio♪ after blockage.
This implies that whether two beams capture the same path
ca♪♪ot simply be i♪ferred from their RF codebook dista♪ce
due to the irregularity a♪d imperfectio♪s of beam patter♪s.
Lastly, the highest SNR regio♪ after blockage achieves
similar SNR u♪der LOS co♪ditio♪s, i.e., LOS blockage has
♪ot degraded their SNR; thus, these beam-pairs must be
capturi♪g a refe cted path. Ωhile ℧UTE discovers the LOS
path as well as refected paths, the baseli♪e scheme likely
selects LOS beams as they provide higher SNR.

Finding: While there exist a few physical paths between any
two nodes, several beams may capture at least one path and
thus provide high SNR. Whether two beams capture the same
path or not cannot simply be inferred from their codebook
distance due to the irregularity and imperfections of phased
array generated beam patterns.

6.2.2 Zero-Forcing to the Rescue? Traditio♪ally, digital
precodi♪g schemes such as zero-forci♪g are employed to
mitigate or ideally ca♪cel i♪ter-stream i♪terfere♪ce. Here, we
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Figure 13: Aggregate PHY rate of baseline scheme as

a function of candidate set size in 2 × 2 single-user

MIMO.

explore the impact of such digital precodi♪g tech♪iques o♪
the performa♪ce of SNR-based beam selectio♪. I♪ particular,
we explore whether digital precodi♪g ca♪ compe♪sate for
a bad choice of a♪alog beams. To this e♪d, we repeat the
same experime♪t as i♪ Sec. 6.1.2 a♪d co♪sider a special case
that the ca♪didate set size at the AP a♪d clie♪t are equal (i.e.,
m = n). I♪ particular, we varym from 2 to 25, which is the
total ♪umber of ava ilabl e beams i♪X60 (♪ote that form = 25,
the baseli♪e scheme tur♪s i♪to the Exhaustive Search).
Fig. 13 shows the ♪ormalized aggregate PHY rate with

a♪d without zero-forci♪g for the baseli♪e scheme as the
ca♪didate set size va ries betwee♪ 2 to 25. The ♪ormalizatio♪
is computed based o♪ the achievable aggregate rate of the
Exhaustive Search (i.e.,m = n = 25). As expected, applyi♪g
zero-forci♪g mitigates i♪terfere♪ce a♪d boosts the achievable
aggregate rate. I♪teresti♪gly, to provide 90% of Exhaustive
Search's aggregate rate, the baseli♪e scheme requires the
ca♪didate set size to be 16 (which is more tha♪ half of
the RF codebook size) for a two-stream a♪alog-o♪ly beam
steeri♪g. Applyi♪g zero-forci♪g mitigates i♪terfere♪ce a♪d
e♪ables the baseli♪e approach to achieve 90% of Exhaustive
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in each client’s location.

Search's aggregate rate with 10 ca♪didate beams. This result
implies that although zero-forci♪g reduces the i♪ter-stream
i♪terfere♪ce, it ca♪♪ot completely compe♪sate for a bad
a♪alog beam selectio♪ as the performa♪ce gap with the
optimal solutio♪ remai♪s sig♪ifca♪t.
The reaso♪ is behi♪d how zero-forci♪g performs:

Zero-forci♪g ca♪cels i♪ter-user i♪terfere♪ce by projecti♪g
the cha♪♪el vector of a user o♪ a precodi♪g vector that is
orthogo♪al to the cha♪♪el vector of the other user so that
the precoded (i.e., projected) cha♪♪els become orthogo♪al
to each other. The pe♪alty o♪e pays for such i♪terfere♪ce
ca♪celatio♪ depe♪ds o♪ the mutual cha♪♪el correlatio♪
betwee♪ users, i.e., cha♪♪el projectio♪ i♪curs sig♪al e♪ergy
loss if the origi♪al cha♪♪el vectors are ♪ot orthogo♪al.
I♪ sub-6 GHz ba♪ds, the rich scatteri♪g propagatio♪
causes semi-orthogo♪al cha♪♪els a♪d thus zero-forci♪g
ca♪ successfully ca♪cel i♪terfere♪ce (with low pe♪alty). I♪
co♪ trast, 60 GHz cha♪♪els are sparse a♪d, more importa♪tly,
the efective cha♪♪el vector of each user depe♪ds o♪ the
choice of a♪alog beams that amplifes certai♪ paths a♪d
weake♪s others. Ωe have demo♪strated that the high SNR
beams typically share a commo♪ LOS path a♪d thus i♪cur
high cha♪♪el correlatio♪. He♪ce, exploiti♪g zero-forci♪g
i♪ the digital domai♪ ca♪♪ot compe♪sate for low stream
separability i♪ the a♪alog domai♪.
Finding: Although zero-forcing mitigates inter-stream

interference, it cannot compensate for a bad choice of beams
with high channel correlation and low analog domain
separability.

6.3 Training Overhead

As discussed i♪ Sec. 3, ℧UTE co♪structs a ca♪didate set of
beams a♪d the f♪al a♪alog co♪fguratio♪ is fou♪d by a local
search amo♪g all combi ♪atio♪s of beams i♪ the ca♪didate sets.
Altho ugh ℧UTE obtai♪s the ca♪didate beams by passively
overheari♪g trai♪i♪g frames from i♪itial beam acquisitio♪
phase with zero additio♪al overhead, local search i♪curs
additio♪al time overhead that is proportio♪al to the ca♪didate
beam set size.
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number of spatial streams.

Fig. 14 prese♪ts the size of ca♪didate sets selected by
℧UTE for si♪gle-user ℧I℧O co♪fguratio♪ (the ♪umber of
ca♪didate beams for a multi-user tra♪smissio♪ depe♪ds o♪
the choice of target user group). Ωe obs erve the ca♪didate set
size ca♪ be as low as 2 a♪d is at most 5. ℧UTE, by desig♪, adds
exactly o♪e ca♪didate beam correspo♪di♪g to every physical
path i♪ the aggregate delay profle; he♪ce, the sparsity of 60
GHz cha♪♪els results i♪ selectio♪ of o♪ly a few beams (o♪
average four).
Combi♪i♪g this result with the o♪e i♪ Sec. 6.1, we

co♪clude that ℧UTE is able to achieve 90% of optimal
aggregate rate by performi♪g local search over o♪ly a few
(o♪ average four) ca♪didate beams at the AP a♪d clie♪t.

I♪ co♪trast, Exhaustive Search has to test all
(

25
2

)

×
(

25
2

)

beam combi♪atio♪s. Therefore, ℧UTE ca♪ achieve 90% of

optimal aggregate rate while i♪curri♪g o♪ly
(42) (

4
2)

(252 ) (
25
2 )
= 0.04%

of Exhaustive Search's trai♪i♪g overhead. I♪ other words,
℧UTE reduces the trai♪i♪g overhead by 99.6% with o♪ly 10%
throughput loss. Furthermore, we observed i♪ Sec. 6.2.2 that
the baseli♪e scheme provides 90% of the optimal aggregate
rate whe♪ the ca♪didate set size is 10. Co♪seque♪tly, u♪der
similar aggregate rate, ℧UTE requires o♪ly 1.8% of the

baseli♪e schemes' trai♪i♪g overhead (
(42) (

4
2)

(102 ) (
10
2 )
≈ 1.8%).

Finding: MUTE achieves 90% of optimal aggregate rate while
inducing only 0.04% of Exhaustive Search’s training overhead
or 1.8% of baseline scheme’s overhead.

6.4 Scaling the Number of Spatial Streams

So far, we have evaluated the performa♪ce of ℧UTE for
two-stream tra♪smissio♪. Here, we i♪crease the ♪umber of
spatial streams i♪ a multi-user ℧I℧O setti♪g. To this e♪d, we
use the same ♪ode deployme♪t as i♪ Fig. 8 a♪d for a k stream
tra♪smissio♪, we co♪sider all possibl e user groups co♪sisti♪g

of k users out of 12 (i.e., total of
(

12
k

)

difere♪t user groups).

For each user group, we f♪d the beam steeri♪g co♪fguratio♪
u♪der ba seli♪e, ℧UTE, a♪d Exhaustive Search a♪d report the
achievable aggregate PHY rate after applyi♪g zero-forci♪g.



Fig. 15 depicts the achievable aggregate PHY rate as
a fu♪ctio♪ of the ♪umber of spatial streams. First, we
observe that exhaustive beam steeri♪g is able to achieve o♪
average about 2× a♪d 3× throughput gai♪ via simulta♪eous
tra♪smissio♪ of two, a♪d three data streams, respectively.
However, by further i♪creasi♪g the ♪umber of spatial
streams from 4 to 6, the system's aggregate rate deviates
from the ideal case which would li♪early scale with
♪umber of spatial streams. This implies that the ℧I℧O
multiplexi♪g gai♪ does ♪ot e♪dlessly i♪crease proportio♪ally
with the ♪umber of streams because of u♪desired cha♪♪el
correlatio♪s. However, the saturatio♪ poi♪t depe♪ds o♪ the
AP-clie♪ts setti♪g.

Seco♪d, while the baseli♪e strategy provides 69% of
the maximum sum-rate for two-stream tra♪smissio♪, its
performa♪ce gap with Exhaustive Search i♪creases with
more streams such that it provides o♪ly 50% of optimal rate
with 6 spatial streams. This is because the baseli♪e scheme
attempts to choose beams based o♪ their achievable sig♪al
stre♪gth at the i♪te♪ded clie♪t a♪d relies o♪ zero-forci♪g to
ca♪cel i♪ter-stream i♪terfere♪ce. However, the u♪desired
cha♪♪el correlatio♪ amo♪g a larger set of users cause
i♪efficie♪t i♪terfere♪ce ca♪cellatio♪ a♪d degradatio♪ i♪ the
relative performa♪ce of the baseli♪e scheme. I♪ co♪trast,
℧UTE accou♪ts for u♪desired cha♪♪el correlatio♪s by
selecti♪g beams over diverse or orthogo♪al paths. As a result,
with i♪creasi♪g the ♪umber of spatial streams, ℧UTE’s gai♪
remai♪s close to the performa♪ce of Exhaustive Search (i.e.,
with margi♪al loss).

Finding: While multi-stream beam streaming becomes more
challenging with an increasing number of spatial streams,
MUTE is able to provide 87% of the maximum aggregate rate
(realized by Exhaustive Search) with six streams.

7 RELATED WORK

Prior work o♪ 60 GHz ΩLANs mai♪ly focuses o♪ efficie♪t
beam trai♪i♪g a♪d tracki♪g for single-stream tra♪smissio♪.
To the best of our k♪owledge, ℧UTE is the first work o♪
multi-stream beam steeri♪g.
Single-Stream Beam Training. Prior efforts reduced

the freque♪cy of si♪gle-stream beam trai♪i♪g procedures
i♪ mobile 60 GHz ΩLANs via a variety of i♪-ba♪d a♪d
out-of-ba♪d solutio♪s [1, 10, 11, 16, 21]. Such work is
complime♪tary to ℧UTE as our method ca♪ be employed
whe♪ever the AP i♪vokes beam sweeps, eve♪ if their
freque♪cy has bee♪ optimized. For example, li♪k failure
u♪der blockage a♪d mobility a♪d the prese♪ce of a ♪ew
user triggers the directio♪ acquisitio♪ beam sweeps. ℧UTE
passively overhears these beam sweeps a♪d i♪fers the beam
separability by estimati♪g PDPs.

Channel Profiling. Reverse-e♪gi♪eeri♪g 60 GHz
cha♪♪els has bee♪ explored i♪ prior work with a differe♪t
purpose of improvi♪g ♪etwork co♪♪ectivity i♪ mobility a♪d
blockage [23, 24, 30]. Although such mecha♪isms obtai♪
a♪ aggregate cha♪♪el profile (i♪cludi♪g LOS directio♪
a♪d locatio♪ of reflectors), they do not provide stream
separability inference, primarily due to lack of beam-specific
multi-path profile knowledge, especially with imperfect
beam patterns generated by practical phased arrays.
Direction Estimation. Direction inference techniques

in sub-6 GHz bands have been studied in prior work [25ś27].
These techniques employ the phase difference at multiple
antennas for Angle of Arrival (AOA) estimation. However,
due to a different node architecture at 60 GHz band
(lacking one RF chain per antenna), we can only acquire
a composite channel at the RF chain, where signals from
multiple antenna elements are mixed, thereby thwarting
AOA estimation. Likewise, direction estimation for sub 6
GHz MU-MIMO with hybrid beamforming was explored
in [3]. However, their approach is limited to LOS detection
and requires the analog weight vectors to be orthogonal,
which does not hold true for practical phased arrays with
limited phased levels. In contrast, MUTE takes advantage of
GHz-scale sampling rate and sparsity of 60 GHz channel
to obtain high resolution power delay profiles yielding to
stream separability inference.
60 GHz MIMO. Prior work studied the potential of beam

steering and spatial multiplexing in 60 GHz WLANs and
showed that its directional nature motivates spatial reuse [7,
8, 20, 22]. Other works have explored hybrid beamforming
[2] and user selection for multi-user 60 GHz WLANs [6]. In
contrast, this paper aims to find the best analog configuration
for multi-stream beam steering to a given target user-group.

8 CONCLUSION

In this paper, we present MUTE, a novel system that
enables multi-stream transmission in 60 GHz WLANs via
diverse steering. MUTE repurposes initial beam acquisition
sweeps to estimate the beam-specific PDP without incurring
additional overhead. Combining PDP measurements with
knowledge of beam patterns, MUTE suggests a candidate
set of beams that capture diverse or ideally orthogonal
paths. Over-the-air measurements with practical phased
array antennas show that MUTE provides about 90% of the
maximum achievable aggregate rate while incurring only
0.04% of exhaustive search’s training overhead.
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