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ABSTRACT

In this paper, we conduct an extensive experimental study of the two
primary link adaptation mechanisms in 60 GHz WLANSs, namely
rate adaptation and beam adaptation, using a large data set col-
lected from a 60 GHz software-defined radio testbed. First, we
compare the effectiveness of the two mechanisms in a variety of
indoor environments and scenarios, including linear and angular
displacement, mobility, blockage, and interference. Next, we study
the effectiveness of two rate adaptation approaches — SNR-based
rate adaptation, which has been proposed by recent works, and a
learning-based approach using PHY layer information. Our results
show that the former performs poorly in practical scenarios, while
the latter is promising, especially when combined with online train-
ing. Finally, we explore the effectiveness of maintaining backup
beams to speedup link recovery and reduce the beam training
overhead. We show that this heuristic fails in scenarios involving
angular displacement on the receiver side but is quite effective in
most other scenarios.
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1 INTRODUCTION

Rate adaptation (RA) — dynamically adjusting the modulation and
coding scheme (MCS) based on the channel quality — has been
traditionally considered as the main link adaptation mechanism
in 802.11-based WLANS. Since the introduction of the first RA
algorithm for 802.11b [16], all 802.11 standards mandate support
for multiple rates at the PHY layer but they do not specify a RA
algorithm. Consequently, a very large number of RA algorithms
have been proposed for legacy WiFj, e.g., [1, 5-7, 19, 21, 32, 33].
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Millimeter-wave (mmWave) wireless, e.g., in the 60 GHz unli-
censed frequency band, is fast emerging as the prime candidate
technology for providing wireless multi-Gbps data rates. To cope
with the high propagation loss in the mmWave frequency bands,
mmWave transceivers establish highly directional links. However,
high directionality introduces new challenges — vulnerability to
blockage and beam misalignment due to mobility. While RA contin-
ues to play a critical role in the performance of 60 GHz WLAN:S, it
cannot always address these new challenges alone. Hence, mmWave
radios are typically equipped with electronically steerable phased
antenna arrays, and employ a second link adaptation mechanism,
beam adaptation (BA), also referred to as beamforming or beam
searching, to maintain transmitter-receiver (TX-RX) beam align-
ment. The 802.11ad/ay 60 GHz WLAN standards provide a well-
defined procedure for BA and several other BA algorithms have
also been proposed over the past few years, e.g., [8, 11, 26, 29, 35].

In spite of their importance, several aspects of the two link adap-
tation mechanisms are not well understood in the case of 60 GHz
WLAN:S. First, the standards do not specify when each of the two
adaptation mechanisms, RA and BA, should be used or in what or-
der, and wireless chipset vendors resort to simple heuristics [2, 22]
to select the right mechanism. It remains unclear whether both
mechanisms are equally effective in different scenarios, when one
of them sufices to repair a link, and when both should be triggered.
Second, in contrast to legacy WiFi, where a very large number of
RA algorithms have been proposed over the past 20 years, RA in 60
GHz WLAN:S has not received due attention. Third, in spite of the
very large number of BA algorithms proposed over the past few
years, the majority of the proposed algorithms have been evaluated
with horn antennas that feature perfect cone-shaped beam patterns
and in limited settings. It is unclear how beam adaptation is af-
fected by imperfect beam patterns, featured by commercial phased
antenna arrays, and by different indoor environments.

This paper fills this gap by conducting the first large-scale ex-
perimental study of the two link adaptation mechanisms using a
large data set collected from a 60 GHz software-defined radio (SDR)
testbed with phased arrays. The dataset is publicly available at
http://bit.ly/60ghz-link-adaptation. We make three contributions:
o We first explore the performance of RA and BA in a variety of

indoor WLAN environments and scenarios, including linear and
angular displacement, mobility, blockage, and interference, and
compare the effectiveness of the two mechanisms. Our results
show that none of the two mechanisms performs consistently
well alone and often a combination of the two is required for
optimal performance.

o Next, we study the effectiveness of two RA approaches — SNR-
based RA, which has been proposed by recent works, and a
learning-based approach using PHY layer information. We show
that the former performs poorly, as it is difficult to obtain a direct
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SNR-MCS mapping in practice. In contrast, the latter appears
promising, but it requires online training.

e Finally, we turn our attention to BA and study the effectiveness
of a simple heuristic: maintaining backup beams to speed up link
recovery and reduce the beam training overhead. We show that
this heuristic fails when RX angular displacement is involved,
but works well in all other scenarios; maintaining the top 2-3
beam pairs as backup pairs is often enough to yield satisfactory
performance with minimal beam training overhead.

2 BACKGROUND AND RELATED WORK

Rate Adaptation. RA is the primary link adaptation mechanism in
legacy WiFi. The goal of RA is to select a PHY data rate, expressed
as a combination of a modulation and a coding scheme (MCS), that
matches the observed channel quality at the receiver. Since the
RX channel quality is not known on the TX side without explicit
feedback, the majority of RA algorithms for legacy WiFi (e.g., [1,
5,7, 19, 21, 32, 33]) estimate the channel quality using link layer
statistics of transmitted frames and employ simple heuristics based
on these statistics. The use of SNR and other PHY layer metrics has
also been proposed in the literature (e.g., [6, 9, 15, 25, 30]) but has not
been used by 802.11 chipset vendors. Some works (e.g., [14, 18, 31])
have also proposed the use of ML to guide rate selection and they
have shown that ML-based RA schemes outperform SNR-based or
frame-based schemes.

In contrast to legacy WiFi, RA has not been extensively studied
in the context of 60 GHz WLANs. Commercial off-the-shelf (COTS)
devices employ heuristics similar to those used by legacy WiFi
devices, e.g., they lower the MCS until they find a working MCS [2].
A few recent works argued that 60 GHz links are much more stable
than legacy WiFi links due to the high directionality, and suggested
the use of simple SNR-based RA algorithms via a direct SNR-MCS
mapping [8, 10, 28, 36, 37]. However, a more recent work showed
experimentally that MCS is only weakly correlated with SNR in
60 GHz WLANS [23]. In this paper, we conduct a detailed study
of the effectiveness of SNR-based RA using a much larger dataset
than the one in [23], including more locations, as well as blockage
and interference scenarios. The work in [17] uses ML for channel
classification (LoS vs. NLoS) and leverages this information to guide
RA in 802.11ad links. In this paper, we consider for first time an
ML-based approach that uses various PHY layer features to directly
predict the best MCS (similar to the approach in [18] for legacy
WiFi) rather than indirectly inferring it from channel classification
and compare it against SNR-based approaches.

Beam Adaptation. The goal of BA is to find the TX-RX beam
(sector) pair that maximizes the SNR. A naive approach is to perform
a full sector level sweep (SLS), i.e., to test all possible pairs, but
the overhead of this approach (O(N?), where N is the number of
available beams) can be prohibitive, especially in the case of a large
number of beams. The 802.11ad standard takes a different approach
having each side train their TX and RX beams separately [12], which
reduces the complexity from O(N?) down to O(N). Additionally, a
large number of recent works have proposed different approaches
to further reduce the overhead, e.g., [8, 11, 26, 29, 35]. The majority
of these algorithms have either been evaluated via simulations or
using horn antennas with perfect cone-shaped beam patterns. In
this paper, we perform an extensive study of the efficiency of the
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baseline BA algorithm in a variety of indoor WLAN scenarios, using
phased arrays with imperfect beam patterns. We also evaluate the
effectiveness of a simple heuristic — maintaining backup beams,
which can be part of different BA algorithms.

Surprisingly, the standard does not specify when each of the two

adaptation mechanisms should be triggered, and the problem has
been largely overlooked by the research community. COTS 802.11ad
devices trigger RA in the case of a missing Block ACK, successively
trying lower MCSs, and only resort to BA if a working MCS cannot
be found [22]. The authors of [2] point out that this approach may
often be suboptimal and propose to first perform BA in the event
of link degradation and then RA. The work in [8] proposes a non-
standard-compliant approach based on beam sounding, i.e., the use
of a short control frame exchange before each data transmission to
test the link and determine the right action. Our work is the first to
compare the effectiveness of the two link adaptation mechanisms
in a variety of indoor environments and scenarios.
Performance Studies A number of experimental studies have
explored different aspects of 60 GHz WLANS, such as beamform-
ing [20, 23], link layer performance and the impact of imperfect
beam patterns generated by phased arrays [22, 23, 28], frame ag-
gregation [20], interference [20, 34], transport layer aspects [4],
energy consumption [24], etc. Our work is complementary to all
these studies, exploring aspects of link adaptation that have been
largely neglected by previous works.

3 SETUP AND METHODOLOGY
3.1 X60 Testbed

We conducted our measurements using X60 [23] instead of COTS
standard-compliant devices, because its SDR architecture provides
us with full access to the PHY and MAC layers. X60 is the only 60
GHz SDR-based testbed that combines fully programmable PHY
and MAC layers, multi-Gbps data rates, and practical reconfigurable
phased arrays. While the testbed does not support the 802.11ad
standard, many of its features resemble those of 802.11ad.

(a) Two X60 nodes.
Figure 1: The X60 testbed.

(b) Example azimuth beam pattern.

Each X60 node (Fig. 1a) consists of a NI mmWave transceiver
system [13] and a user-configurable phased antenna array from
SiBeam. Transmissions take place over a 2 GHz wide channel, same
as in 802.11ad. The PHY reference implementation enables 7 Single
Carrier (SC) MCSs resulting in data rates from 300 Mbps to 4.75
Gbps, similar to those supported by the SC 802.11ad PHY layer. In
contrast to COTS 802.11ad radios that use CSMA, X60 uses TDMA
with 10 ms frames divided into 100 slots of 100 pus each. A slot
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Table 1: Summary of datasets — # of measurement positions.

‘ Main Dataset ‘ Test Dataset

‘ Total  Lobby  Lab }gonf. Corridors | Total Building - Building
oom 1 2
Displacement 94 22 13 10 49 34 23 11
Blockage 12 4 1 2 5 4 2
Interference 12 4 1 2 5 4
Overall 118 30 15 14 59 42 27 15

consists of 92 codewords, each of which has an attached CRC block.
For our study, which only includes single-link experiments and
hidden terminal scenarios, where CSMA is not useful, the use of
TDMA instead of CSMA does not affect our results. Also, note that
structure of an X60 frame resembles an 802.11 AMPDU, consisting
of multiple packets, each with its own CRC.

The in-built phased array has 24 elements; 12 each for TX and RX.
SiBeam’s reference codebook defines 25 beam patterns that can be
steered in real-time (electronic switching in < 1 us). The beams are
spaced roughly 5° apart in their main lobe, thus spanning around
120° in the azimuth, from -60° to 60°. The 3 dB beamwidth ranges
from 25° to 35°, hence, each beam’s main lobe overlaps with several
neighboring beams. The beam patterns (one example is shown in
Fig. 1b) feature large side lobes in addition to the central main lobe,
similar to the beam patterns in COTS 60 GHz devices [26].

3.2 Environments

We collected a main dataset by taking measurements in multiple
locations within a campus building (referred to as Main Building).
Lobby. This is a large open space with glass panels covering the
upper part and metallic sheets covering the lower part of one side
and a wall on the other side. It is shown in Fig. 2a along with
the various TX and RX positions we used for our measurements.
The TX and RX antennas are kept at a height of 1.4 m. Lab. This
is an 11.8 X 9.2 X 3.4 m? space with 4 rows of desks surrounded
by metallic storage cabinets and white boards (Fig. 2b). The TX
antenna is placed at a height of 2.05 m and the RX antenna at a
height of 1.25 m. Conference Room. This is a 10.4 X 6.8 X 3.2 m?
space with a large white board covering one of the walls (Fig. 2c).
There are metallic cabinets, a large desk in the center of the room,
and many chairs. The TX and RX antennas are placed at a height
of 1.4 m. Corridors. We performed measurements in 3 corridors
of width 1.74 m, 3.2 m, and 6.2 m, with the TX and RX antennas at
a height of 1.4 m.

To test if our findings hold across different environments, we
also collected two smaller test datasets in two different campus
buildings. In Building 1, we conducted measurements in a corridor
of width 2.5 m with the RX at several distances away from the TX.
This building is much older than the Main Building, with walls of
different material, and fewer reflective surfaces. In Building 2, we
conducted measurements in a wide open area, much larger than the
lobby in Fig. 2a. A summary of all the datasets is shown in Table 1.

3.3 Scenarios

We consider three typical scenarios capturing all the factors that
can trigger BA or RA due to a drop in channel quality.

Linear and/or angular displacement. In each environment, we
fixed the TX position and orientation, we selected an initial position
for the RX, and then moved or rotated the RX to cause different
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levels of signal attenuation due to increased distance, TX/RX mis-
alignment, or both. In all the rotation experiments, we rotated the
RX from 0° to -90° and from 0° to 90° in steps of 15° where 0° is the
initial orientation at each position.

Lobby: We first fixed the TX at position TX; facing west and the RX
at position 0 facing east (Fig. 2a). We then moved the RX while keep-
ing the orientation fixed (east) along three directions — backward,
lateral, and diagonal - and took measurements at multiple positions
in each direction. We also took measurements by rotating the RX at
positions 2 and 19. We then took a second set of measurements with
the TX fixed at position TX, facing west and the RX at 9 positions
always facing the TX. Lab: The TX was fixed facing west and the
RX was placed at 10 different positions, always facing east, starting
at position 0. We also took measurements by rotating the RX at
positions 2, 5, and 8. Conference room: The TX was fixed facing
west and the RX was placed at different positions and orientations
around the table, shown in Fig. 2c, starting at position 0. Note that
for positions 4, 5, 6 and 7, the RX is facing in the same direction as
the TX and communication is enabled through reflections. We also
performed rotations at positions 0 and 4. Corridors: In the narrow
corridor, we performed measurements at 17 different RX positions
starting from a distance of 2.5 m away from the TX and moving
back in steps of 1.25 m, with the TX and RX always facing each
other. In the 2 wider corridors, we fixed the TX at two positions
and performed measurements at 10 different RX positions at steps
of 1.25 m with the TX and RX facing each other at all times. We
also performed rotations 5 m, 10 m, and 15 m away from the TX.
Blockage. We hand picked a few representative positions from
all the positions described above and repeated the measurements
by introducing human blockage on the LOS path between the TX
and the RX 1) in the middle between the TX and RX, 2) near the
TX and 3) near the RX. Interestingly, we found that link quality
degradation is not strongly correlated with the blockage position.
For example, the SNR drop caused by blockage in the middle, near
the Tx, and near the Rx varies from 1.5-15 dB, 2-12 dB, and 5-12.5
dB, respectively, with median values of 8 dB, 6.5 dB, and 7.5 dB.
Interference. We created hidden terminal scenarios by placing a
TP-Link Talon AD7200 router and an Acer P446-M laptop at differ-
ent positions to create 3 types of interference on the X60 receiver:
1) High interference: the throughput of the X60 link drops by ~80%,
2) Low interference: throughput drops by ~20%, and 3) Medium
interference: throughput drops by ~50%. We performed these mea-
surements at the same positions as the blockage experiments.

3.4 Methodology

We use the term state to describe every position, orientation, and
the presence/absence of blockage or interference. We define the
initial state as: the Rx position closest to Tx for each displacement
scenario in the lobby, lab, and corridors; Rx position 0 for each
displacement scenario in the conference room (Fig. 2c); the 0° Rx
orientation for each rotation scenario; and the state before the
introduction of blockage or interference for each blockage and
interference scenario. All the other states, at which either the RX
coordinates, or the RX orientation, or the blockage or interference
status are different from the initial state are called new states; these
are the states where RA or BA is needed to repair the link.
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Figure 2: Environments.

At each state, we first performed an SLS to collect SNR measure-
ments for all 625 (25 x 25) possible beam pairs and select the best
beam pair based on SNR. This process emulates BA using the naive
O(N?) algorithm described in §2. Then, for the best beam pair, we
collected three 1 s PHY layer traces (SNR, Noise level, power delay
profile (PDP), codeword delivery ratio (CDR)) and MAC throughput
traces for each of the 7 supported MCSs. X60 logs all these metrics
for every frame. We also measured offline the time-of-flight (ToF)
for the chosen beam pairs at all positions. For all states except for
the initial ones, we also collected PHY and throughput traces and
ToF values for the beam pair that was the best at the corresponding
initial state. Searching over all the MCSs with the best current/initial
beam pair and selecting the one with the highest throughput emulates
RA after/before BA at the new state.

4 EFFECTIVENESS OF LINK ADAPTATION
MECHANISMS

In this section, we study the effectiveness of the two adaptation
mechanisms under various types of link impairments. We assume
that both mechanisms perform exhaustive search and always find
the optimal MCS or beam pair, and we defer the study of specific
practical approaches to RA and BA in §5 and §6, respectively. We
consider large data transfers and evaluate the effectiveness of the
two mechanisms in the steady state, ignoring the search overhead.

We assume that after BA, the TX uses the best initial MCS (an-
other option would be to always start with the highest MCS), i.e.,
the best MCS at the initial state, before the link impairment that
triggered BA. However, we found that in many cases, the through-
put with the new best beam pair using the best initial MCS is zero,
but lowering the MCS by 1 or 2 levels results in high throughput.
Hence, we also evaluate the combined effect of triggering BA im-
mediately followed by RA, denoted as BA+RA. Note that, since we
are ignoring the overhead here, this approach is always guaranteed
to find the optimal configuration.

4.1 Static Clients

Fig. 3a shows boxplots of the throughput achieved with RA, BA,
and combined BA+RA in all the scenarios included in the main
dataset. Figs. 3b, 3c, 3d break down this result by comparing the
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performance of the two mechanisms in scenarios involving different
types of link impairments: displacement, blockage, and interference,
respectively. In all four figures, we also plot the throughput when
no adaptation is performed (denoted as NA) as a baseline.

Fig. 3a shows that, without adaptation (NA), the link cannot be
restored in the median case, and, with the exception of a few outliers,
the throughput is always lower than 500 Mbps. While BA+RA,
RA alone, and BA alone achieve a similar maximum throughput
(higher than 4 Gbps), the median throughput with BA+RA is much
higher than with BA or RA alone (~2 Gbps vs. ~1.1 Gbps and ~0.9
Gbps, respectively). Additionally, BA and RA alone result in a non-
working link 25% of the time. We conclude that the performance
with either of the two link adaptation mechanisms alone is very far
from the optimal.

Fig. 3b shows that RA performs particularly poorly in displace-
ment scenarios, resulting in a median throughput of only 100 Mbps.
This is because many of the displacement cases involve angular
displacement between the TX and RX and hence, the initial beam
pair can no longer work. The performance of BA and BA+RA in
such scenarios is similar to the overall performance in Fig. 3a.

Fig. 3c shows that, in case of blockage, neither BA nor RA works
alone in the median case; both mechanisms yield a median through-
put lower than 100 Mbps and a combination of the two (BA+RA)
is needed to restore the link (median throughput of ~1.2 Gbps).
When the LOS path is blocked, BA is clearly required to find an
alternative path between the TX and RX but because the new best
path is an NLOS path through a reflection, the received signal is
weaker and hence there is often a need to drop the MCS as well.

In contrast, Fig. 3d shows that in the presence of interference,
both mechanisms work well alone in the median case. In particular,
RA vyields a median throughput of ~2 Gbps, similar to BA+RA
(although the 75th percentile is higher for BA+RA compared to
RA). Surprisingly, NA also performs well here, yielding a median
throughput of ~1.7 Gbps similar to BA. Overall, depending on the
amount of interference and the environment, either adaptation
mechanism alone can be effective and often there is no need for
adaptation at all.

Remark: With the exception of interference scenarios, neither of
the two link adaptation mechanisms alone is sufficient to achieve
optimal performance.
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Figure 4: Performance of link adaptation mechanisms under linear motion.

4.2 Mobile Clients

We emulate linear motion and rotation by considering consecutive
RX positions on a straight line and consecutive angular displace-
ments at a fixed position, respectively.

Linear motion. Figs. 4a and 4b show cases where the RX is moving
backwards in a wide open space, in different buildings. We observe
that, in both buildings, NA and BA stop working after ~6 m whereas
RA remains close to the optimal (BA+RA). The signal strength drops
while the RX is moving away from the TX, and hence there is a
need to drop the MCS to retain a working link. On the other hand,
BA selects the same beam pair in this case but uses the initial MCS,
which stops working beyond a certain distance.

Fig. 4c shows a case where the RX is moving sideways with re-
spect to the TX (0 — 4 — ... — 16 in Fig. 2a). Here, the throughput
with RA drops by more than 3 Gbps with a motion of just 1 m. On
the other hand, BA retains performance close to the optimal till 3
m and then experiences a significant drop because the initial MCS
no longer works and hence BA+RA is needed. We make similar
observations for the case of moving diagonally (0 — 5 — 17 — 18
in Fig. 2a) in Figs. 4d and 4e; again, BA can retain optimal perfor-
mance for up to 1 m, but as the RX moves further away from the
TX, both the beam pair and the MCS need to be adjusted because
of the increasing distance and angular separation.

In Figs. 4f, 4g, and 4h, we look at performance of the link adap-
tation mechanisms while moving backwards in different corridor
environments. In all cases, RA performs very close to the optimal,
while BA and NA sustain a working link only till 7.5 m. In the
narrow corridor, we can see that all link adaptation mechanisms
exhibit an inconsistent behavior in terms of their performance as
a function of the distance, which is likely due to the waveguide
effects (also reported in [22, 28]). This behavior is much less evident
in the other 2 wider corridors in the Main Building and Building 1.
Rotation. In Figs. 5a and 5c¢, the RX is placed in front of the TX in a
wide open space in the Main Building and Building 2, respectively.
We observe that a rotation of more than 15° breaks the link (NA
throughput is 0) and adaptation is required to restore it. RA is
effective only for small amounts of rotation; throughput drops
below 1 Gbps in the Main Building and to almost 0 in Building
2 for angles greater than 30°. For larger angles, BA is required to
maintain the link and retains performance close to the optimal
for angles up to 60°. Finally, when the RX rotates 60° or more, BA
throughput also drops to zero and BA+RA is needed to sustain a
working link.

In Fig. 5b, we see the effect of placing the RX at an angle with re-
spect to the TX. When we rotate the RX in the clockwise (positive,
towards TX) direction, BA almost always yields optimal perfor-
mance whereas, in the anti-clockwise direction, BA stops working

175



Wireless Networks

MSWiM 20, November 16-20, 2020, Alicante, Spain

—~&— BA —&— BA —&— BA
—_ RA - - RA
g 4000 —%- BA+RA # 4000 i 4000 —7— BA+RA
g 2 2 —< NA
~ 3000 ~ 3000 ~ 3000
= = =
5 5 5
2 2 2
5 2000 5 2000 5 2000
3 3 3
o o o
2 e 2
£ 1000 i 1000 i 1000
-90 -75 -60 -45 -30 -15 o 15 3(; as 60 75 90 -90 -75 -60 -45 -30 -15 15 30 as ”750” 75 90 -90 -75 -60 7»‘5 -30 -15 ] 15 0 457 60 75 90
RX Rotation Angle (degrees) RX Rotation Angle (degrees) RX Rotation Angle (degrees)
(a) Lobby, position 2 (TX, RX facing each other).  (b) Lobby, position 19 (RX at an angle w.r.t the TX). (c) Building 2 (TX, RX facing each other).
5000 5000
- BA - BA - BA
- RA - RA - RA
§ a000 —7- BA+RA # a000 ~%- BA+RA g a000 —7- BA+RA
§ —¢ NA § —¢ NA § —¢ NA
< 3000 < 3000 < 3000
= = =
3 3 3
o o o
52000 52000 52000
3 S S
e e e
£ 1000 £ 1000 i€ 1000 /W\
-90 -75 -60 -45 -30 -15 o 15 EL 60 75 90 ° -90 -75 -60 -45 -30 -15 L 15 0 as 60 75 20 ° -90 -75 -60 -4 - -15 I 15 5 60 75 920
RX Rotation Angle (degrees) RX Rotation Angle (degrees) RX Rotation Angle (degrees)
(d) Building 2 (RX at an angle w.r.t the TX). (e) Narrow corridor, 5 m from TX. (f) Narrow corridor, 15 m from TX.
—&— BA —&— BA —&— BA
- RA - RA - RA
& 2000 —%- BA+RA i 4000 —%- BA+RA i 4000 —%- BA+RA
g -« NA g -« NA g —— NA
~ 3000 ~ 3000 ~ 3000
= = =
5 5 5
o o o
5 2000 5 2000 5 2000
3 3 3
o o o
2 e 2
£ 1000 £ 1000 i€ 1000
-90 -75 -60 -45 -30 -15 o 15 30 as 60 75 90 -90 -75 -60 -45 -30 -15 30 as 60 75 90 -90 -75 -60 -45 -30 - 15 30 a5 60 75 90

RX Rotation Angle (degrees)

(g) Building 1, 5m from TX.

15
RX Rotation Angle (degrees)

(h) Conference room, position 4.

15 0
RX Rotation Angle (degrees)

(i) Lab, position 5.

Figure 5: Performance of link adaptation mechanisms under rotation.

after a 30° rotation. We also see that BA+RA achieves around 1 Gbps
throughput at certain negative angles due to reflections from the
wall. We make similar observations regarding the performance of
BA in Building 2 (Fig. 5d). However, since there is no wall next to the
RX in this case, BA+RA also fails to achieve non-zero throughput
in the anti-clockwise direction for angles greater than 45°.

In the lab (Fig. 51), BA performs nearly optimally but surprisingly
RA also achieves Gbps performance even when the RX is rotated
by 75° in the anti-clockwise (towards TX) direction. We believe
this to be the result of many reflective surfaces present in the lab
environment. In the corridors (Figs. 5e, 5f and 5g), RA and NA again
do not work when the RX rotates more than 15° while BA results
in optimal performance in nearly all cases. Finally, Fig. 5h shows
an example (position 4 in the conference room, where the RX faces
away from the TX) where none of the two mechanisms alone works
even for small angles (their performance is identical to that of NA).
Remark: Overall, with the exception of backward motion with the
RX and TX facing each other (i.e., absence of angular displacement),
RA alone is ineffective in mobility scenarios. In contrast, BA alone
often yields close to optimal performance; a combination of both
mechanisms is needed only for very large TX-RX misalignment —
in cases of very large angular displacement or rotation angles.

5 RATE ADAPTATION

We explore two approaches to RA: an SNR-based approach, which
has been proposed by recent works, and an ML-based approach
using PHY layer information.
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5.1 SNR-based RA.

Recent experimental works [8, 10, 28, 36, 37] have argued that
60 GHz links are much more stable than legacy WiFi links due
to the high directionality, and suggested the use of simple SNR-
based RA algorithms via a direct SNR-MCS mapping. However, in
our previous work [23], we showed that such a direct SNR-MCS
mapping is difficult to find in several displacement scenarios.

In this section, we explore the effectiveness of this approach
using a much larger dataset compared to the one in [23], which
includes more environments as well as blockage and interference
scenarios, in addition to displacement scenarios. Fig. 6 plots for
each state in the main dataset the measured SNR on the x-axis and
the optimal MCS on the y-axis. We observe that under very low
SNR (< 5 dB), MCS 0 is typically the only working MCS (except
for a few outliers). However, for SNR values higher than 5 dB, no
unique optimal MCS can be selected based on SNR and up to 3
MCSs need to be probed for various SNR ranges (MCS 0-2 for 5-8
dB, MCS 1-3 for 8-11 dB, etc.).
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Since there is no direct SNR-MCS mapping, we consider two
approaches to build an SNR-MCS table: a conservative approach
(SNR-C), which sets the threshold for MCS; equal to the highest
observed SNR for MCS;_1, and an aggressive one (SNR-A), which
sets the threshold for MCS; equal to the minimum SNR observed
for MCS;. As an example, using Fig. 6, MCS 2 will be selected when
the SNR lies between 11.6 - 13.1 dB with the conservative approach
and between 5.8 - 8.5 dB with the aggressive approach. Note that
for both approaches, we remove outliers (shown in Fig. 6) when we
build the mapping table.

5.2 ML-based RA

We explore for first time the use of PHY layer information and
ML to predict the best MCS. We consider a number of PHY layer
metrics, described below. Note that all these metrics are accessible
in today’s COTS WiFi drivers [9, 27] and we expect this trend to
continue for the 60 GHz drivers.

SNR, Noise level: For each of these two metrics, we consider the
difference between the value at the initial state and the value at the
new state.

Time of Flight (ToF) Difference. We consider the difference be-
tween the ToF at the initial and the current state. ToF increases with
the distance and hence, one can expect a non-zero ToF difference
when linear displacement is involved (backward, lateral, or diagonal
motion) and zero difference in cases involving only rotation.
Multipath-related Metrics. Researchers have proposed the use of
Channel State Information (CSI) to guide RA in legacy OFDM-based
WiFi systems and have shown that CSI-based algorithms [9, 27]
outperform traditional algorithms. To our best knowledge, the use
of CSI in RA for 60 GHz WLANSs has not been explored before.
Since X60 does not support OFDM, we cannot measure directly CSI.
Instead, we use PDP, a metric that also captures the impact of mul-
tipath propagation but in the time domain instead of the frequency
domain. We also use the FFT of the PDP and as an estimate of CSI.
Following [27], for each of these metrics, we calculate the similarity
between the two instances of the metric (at the initial and current
state) in the form of the Pearson correlation coefficient.
Error/Delivery Rate. State-of-the-art RA algorithms for legacy
WiFi systems are often based on the subframe error rate (SFER), the
fraction of successful MPDUs inside an AMPDU. Since the X60 PHY
does not support frame aggregation, we use CDR, the fraction of
successful codewords in a 10 ms X60 frame to approximate SFER in
WiFi. Note that the length of an X60 frame is same as the maximum
allowed AMPDU length in 802.11n/ac and the codeword size (180-
1080 bytes for different MCSs) is similar to an MPDU size.

An important parameter here is the length of the observation
window for each metric at the initial and new state. A longer window
can potentially yield more robust estimation of a metric, at the cost
of delayed decisions. Since X60 samples each metric every 10 ms,
the shortest possible window is 20 ms (1 sample before and 1 sample
after introducing a link impairment). We tried different window
lengths varying from 20 ms to 2 s and found that the accuracy
remains similar for any length of at least 40 ms. In the following,
we use a window of 40 ms, which means that the algorithm makes
a new decision every 20 ms (or 2 frames in X60). We note that
this duration can get shorter depending on the protocol frame
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Table 3: Cross-Validation Results.

Decision Tree Random Forest SVM
Accuracy 0.57 0.69 0.58
F1 Score 0.57 0.68 0.57
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(a) Main Dataset. (b) Testing Dataset.

Figure 7: Performance comparison of the two RA ap-
proaches.

duration; e.g., in 802.11ad, where the max frame duration is 2 ms,
the algorithm would make decisions every 4 ms.

We tried 3 popular ML models for the problem of predicting the
best MCS using the aforementioned metrics as features: decision
trees, random forests, and support vector machines (SVMs). We
ran a stratified 5-fold cross validation using the dataset from the
Main Building and calculated the accuracy and the weighted F1
score. We averaged the results over 500 random splits of the dataset.
The results (with the best combination of the various model pa-
rameters, such as the impurity measure, tree depths, regularization
parameters, etc.) are shown in Table 3. We observe that none of the
three models yields particularly high accuracy; the best accuracy,
obtained with Random Forest, is only 0.69.

5.3 Performance Comparison

While in §5.1, §5.2 we saw that none of the two approaches is able
to predict the optimal MCS with high accuracy, it is not clear which
of the two approaches performs best in terms of throughput. Fig. 7a
plots the CDF of the throughput loss (with respect to the optimal
MCS) with the SNR-based schemes and the ML-based scheme for
the main dataset. We observe that both the aggressive and the
conservative SNR-based schemes perform poorly, yielding optimal
throughput in only 15-17% of all the cases. In the median case,
both schemes result in a throughput loss of ~1 Gbps while the
throughput loss is close to 2 Gbps at the 90th percentile. In contrast,
the ML-based scheme performs much better and results in optimal
throughput in around 70% of the cases. At the 95th percentile, we
observe a throughput loss of about 1 Gbps, and the max loss is ~1.8
Gbps, much lower compared to the SNR-based schemes.

Several of the PHY layer metrics capture properties of the multi-
path channel structure, which is heavily affected by the environ-
ment. To evaluate the impact of the environment, we now build the
SNR-MCS tables and train the ML model using the main dataset and
evaluate the throughput loss using the testing dataset, in Fig. 7b.
SNR-C results in optimal throughput only in 2% of the cases; the
median throughput loss is ~1.8 Gbps, which is significantly worse
than in Fig. 7a. SNR-A surprisingly results in optimal throughput
in 40% of the cases for the testing dataset, which is a significant
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Table 4: Results after testing in the 2 new buildings.

Decision Tree Random Forest SVM
Accuracy 0.31 0.49 0.48
F1 Score 0.31 0.49 0.46

improvement compared to Fig. 7a. However, the throughput loss
reaches almost 1 Gbps around the 50th percentile and 2 Gbps around
the 70th percentile. As far as the ML-based scheme is concerned,
the prediction accuracy drops further with all three ML models,
as shown in Table 4. The drop in the accuracy results in a signifi-
cant drop in performance compared to Fig. 7a; the loss reaches 1
Gbps around the 85th percentile and close to 2 Gbps in the 95th
percentile. However, its performance is optimal in 50% of the cases
and remains much better compared to the SNR-based schemes.
Remark: In contrast to conjectures made by previous works, SNR-
based RA does not work well in practice in 60 GHz WLANs. On the
other hand, the ML-based scheme performs much better, especially
when it is trained and tested in the same environment. Although its
performance drops significantly when trained in a different envi-
ronment, we still believe that it is a promising approach, especially
when combined with online training algorithms. We plan to further
explore this approach as part of our future work.

6 BEAM ADAPTATION

In this section, we turn our attention to BA and explore the effec-
tiveness of a simple heuristic — maintaining a few strong beam
pairs as backup pairs. If such an approach works, it can be applied
to different link adaptation schemes (e.g., [3, 8]) to reduce the beam
training overhead and speed up link recovery.

To evaluate the potential of backup beam pairs to restore a link,
we use the Beam Index Difference (BID) metric from [23]. BID for
two beam pairs, with indices (TX;,RX1) and (TX2,RX3), is defined
as BID = |TX, —TX1|+|RX3 — RX1|. We also define the Beam Index
Difference between two TX or RX beams as TXBID = |TX2 — TX1]|
and RXBID = |RX2 — RX1|, respectively.

Fig. 8a plots the CDF of the BID between the new best beam pair
(after displacement, blockage, or interference) and the best, 2nd
best, and 3rd best beam pair before introducing a link impairment
(denoted as BID1, BIDy, BIDs, respectively) for all the positions in
the main dataset. In the median case, the new best beam pair has
a BID of 8 from the top 3 initial pairs, and the 90th percentile is
more than 16. Further, the new best beam pair is the same as the
2nd or 3rd initial best beam pair less than 5% of the time. Figs. 8b
and 8c, which plot the TXBID and RXBID for the same beam pairs,
show that both the TX and the RX contribute to this large BID,
and the TX contribution is larger. The median and 90th percentile
values are 3-4 and 13, respectively, for the TXBID, and 2 and 11,
respectively, for the RXBID.

While the BID is large, it is possible that the SNR difference be-
tween the new best beam pair and the 2nd or 3rd old best beam pairs
is still small, if there are many beam pairs with similar SNR [23].
If that is true, then maintaining the 2nd and 3rd best beam pairs
as backup pairs can still work in practice. However, Fig. 8d, which
plots the CDF of the SNR difference between the new best beam
pair and the initial best, 2nd best, and 3rd best beam pair (denoted
as SNRD1, SNRD,, SNRDs, respectively), shows that this is not
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the case. The median SNR difference is 4.5 dB, which results in 1-2
levels of MCS drop (Fig.6). Further, in about 25% of the cases, the
difference is more than 15 dB, which means that selecting one of the
top 3 initial best beams after a link impairment would completely
fail to restore the link.

We conclude that the simple heuristic of maintaining the sec-
ond and third best beam pairs as fail-over pairs, which has been
proposed in previous works, e.g., [8], does not appear to work in
practice. The reason is the fact that a large number of beams around
the strongest beam have similar SNRs due to the imperfect beam
patterns in COTS devices [23]. This is also implied by Fig. 8a; all
three CDFs are very close to each other, suggesting that in most
cases, the 2nd and 3rd best beam pair are very close to the best pair,
and any link impairment has a similar impact on all three pairs.

There is one caveat to the above result. Even if the 2nd and 3rd
best beam pairs were far from the best pair, if the RX rotates or
moves in such a way that the relative angle between the TX and RX
changes, there is no guarantee that the initial strong beam pairs will
still remain strong. In other words, there is no relationship between
the best beam pairs before and after such a motion. Hence, in the
remainder of this section, we focus on cases where the relative
TX-RX angle remains the same and this heuristic might still be
useful. To see if that is the case, we plot the BID (Fig. 9) and SNR
difference (Fig. 10) between the new best beam and the old top 3
beams for three different types of link impairment: non-angular
displacement, blockage, and interference.

In the case of non-angular displacement, the BID between the
new best beam and the old top 3 beams is 6-7 in the median case
(Fig. 9a), only slightly lower than in Fig. 8a. However, as shown
in Fig. 10a, the SNR difference between the old best beam and the
new best beam is just 1 dB in the median case and 3 dB in the 95th
percentile. In such cases, as we also saw in §4, there is often no
need for BA (even if a new better beam pair is indeed discovered,
the performance improvement is typically small) and RA alone is
able to repair the link.

In blockage scenarios (Figs. 9b and 10b), we observe a median
BID of 5 for all 3 old best beams, slightly lower compared to the
displacement scenarios. However, selecting one of old three top
beam pairs after blockage results in a moderate SNR loss of 2-3 dB
in the median case, showing that the heuristic of maintaining the
top three sectors can often work in practice. Nonetheless, unlike
in the displacement scenario, in 10% of the blockage cases the SNR
drop is as high as 15-20 dB resulting in a complete link failure.

Finally, when interference is introduced (Figs. 9c and 10c), the
BID varies from 2 to 5 in the median case but the SNR difference is
less than 2 dB for any of the old 3 best beams in the median case
and around 4 dB in the 90th percentile, suggesting that using one
of the old three top beam pairs can work well in most cases.
Number of backup beams. Next, we evaluate the number of the
top beam pairs one has to maintain as backup in practice in order to
maintain satisfactory performance while keeping the beam search-
ing overhead low. Fig. 11 plots the SNR difference between the best
beam pair at the new state (discovered via a full SLS) and the beam
pair out of the ‘k’ old best beam pairs that has the highest SNR at
the new state.

In the case of non-angular displacement (Fig. 11a), we observe
again that reusing the old best beam pair (k=1) results in a loss of
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only 1 dB in the median case and 2-3 dB at the 95th percentile. In suggesting that, depending on the type of blockage, BA may not be
the case of blockage (Fig. 11b), the loss in the median case is 2-3 dB required. However, in 20% of the cases the loss is more than 5 dB
when the same beam pair is used before and after blockage (k=1), which could result in an MCS drop by multiple levels. Interestingly,
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maintaining one backup beam (k=2) results in an SNR loss lower
than 4 dB in 95% of the cases. Finally, in the case of interference
(Fig. 11c), the SNR loss is less than 2 dB in the median case and less
than 4 dB in the 90th percentile when k=1, suggesting again that BA
is often not required to maintain good performance. Further, with
k=2, the SNR loss at the 90th percentile is less than 2 dB suggesting
that choosing among the top two beam pairs almost always results
in near-optimal performance.

Remark: In all types of link impairment that do not involve angular
displacement, maintaining the top 2 beam pairs as backup pairs
almost always results in an SNR loss within 2-3 dB, while saving
the overhead of performing a full beam search.

7 CONCLUSION

We conducted an extensive experimental study of rate adaptation
and beam adaptation, the two primary link adaptation mechanisms
in 60 GHz WLANs. We compared the effectiveness of the two mech-
anisms in a variety of indoor environments and scenarios, including
linear and angular displacement, mobility, blockage, and interfer-
ence. We found that none of the two mechanisms performs consis-
tently well alone and often a combination of the two is required
for optimal performance. Next, we studied the effectiveness of two
rate adaptation approaches — SNR-based rate adaptation, which
has been proposed in recent works, and a learning-based approach
using PHY layer information, and showed that the latter is promis-
ing, especially when combined with online training. Finally, we
explored the effectiveness of maintaining backup beams to speedup
link recovery and reduce the beam training overhead. We found
that this heuristic is quite effective in most scenarios that do not
involve angular displacement.
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