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SAMU: design and implementation of
frequency selectivity-aware multi-user MIMO
for WLANs
Yongjiu Du1, Yan Shi2* , Ehsan Aryafar3, Pengfei Cui4, Joseph Camp2 and Mung Chiang5

Abstract

The traffic demand of wireless networks is expected to increase 1000-fold over the next decade. In anticipation of
such increasing data demand for dense networks with a large number of stations, IEEE 802.11ax has introduced key
technologies for capacity improvement including Orthogonal Frequency-Division Multiple Access (OFDMA),
multi-user multi-input multi-output (MU-MIMO), and greater bandwidth. However, IEEE 802.11ax has yet to fully
define a specific scheduling framework, on which the throughput improvement of networks significantly depends.
Even within a 20 MHz of bandwidth, users experience heterogeneous channel orthogonality characteristics across
sub-carriers, which prevents access points (APs) from achieving the ideal multi-user gain. Moreover, frequency
selectivity increases as bandwidth scales and correspondingly severely deteriorates multi-user MIMO performance. In
this work, we develop a novel channel adaptation scheme, named selectivity-aware multi-user MIMO (SAMU), to
combat the issue of frequency selectivity and support coexistence among users in the network by jointly assigning
subsets of sub-carriers to selected users and implementing downlink MU-MIMO. To do so, we first investigate the
channel characteristics of an indoor environment. We then consider the frequency selectivity of current and emerging
WiFi channel bandwidths to optimize multi-user MIMO by dividing the occupied sub-carrier resources into equally
sized sub-channels according to the level of frequency selectivity. In our design, each sub-channel is allocated
according to the largest bandwidth that can be considered frequency-flat, and an optimal subset of users is chosen to
serve in each sub-channel according to spatial orthogonality. As a result, we support more simultaneous users than
current 802.11 designs and achieve a significant performance improvement for all users in the network. Additionally,
we propose a selectivity-aware high efficiency (SA-HE) mode, which is based on and fully backward compatible with
the existing IEEE 802.11ax standard. Finally, over emulated and real indoor channels, we show that SAMU can achieve
as much as 84.8% throughput improvement compared to existing multi-user MIMO schemes in IEEE 802.11ax.

Keywords: WiFi, IEEE 802.11ax, High-efficiency mode, Multi-user-MIMO, OFDMA, Frequency selectivity channel

1 Introduction
To address the exponentially increasing traffic demand
in wireless networks, the WiFi community is currently
developing IEEE 802.11ax to improve the efficiency of
WiFi networks in dense scenarios [1, 2]. Unlike 802.11ac,
802.11ax operates in both the 2.4 and 5 GHz bands
and employs OFDMA, a technological improvement that
increases the aggregate network throughput and potential
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user density while reducing latency by efficiently scal-
ing resources for multiple users in both the frequency
and time domains [3–5]. This multiple antenna technol-
ogy is usually referred as MIMO [6]. Also, IEEE 802.11ax
implements lower overhead for packet transmission at
high rates and reduces sub-carrier spacing to improve
robustness to frequency selective interference. The IEEE
802.ax standard supports downlink MU-MIMO and also
provides uplink MU-MIMO feasibility [7]. MU-MIMO
uses channel feedback from users to carefully align the
phases of each transmission so that users can coexist
on the same channel bandwidth. Each user can correctly
receive packets simultaneously due to spatial diversity
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and channel pre-coding by the transmitter. The total
throughput, however, highly depends on the relation-
ship between the channel responses of all users. The AP
attempts to select an optimal subset of users that maxi-
mizes the overall spatial efficiency. Optimal user selection
is usually based on the traffic demands of and chan-
nel characteristics experienced by all the users. However,
with frequency selectivity, a subset of users may have
good spatial reuse on some carrier frequencies due to the
orthogonality of the sub-channels experienced by each
user, but poor orthogonality on other frequencies due
to the frequency diversity across the channel bandwidth.
The critical enhancements of implementing OFDMA and
MU-MIMO from the latest IEEE 802.11ax draft standard
are known to independently improve the system capac-
ity. However, to the best of our knowledge, the capacity
achievable via their joint use is an open question. In addi-
tion, there is currently no such scheme to adapt the band-
width of MU-MIMO WiFi according to the frequency
selectivity of the channel.
Due to the increasing sampling and operating speeds of

electronic devices, with the evolution of various wireless
standards, modern wireless systems tend to use more and
more bandwidth to improve the system throughput. For
example, IEEE 802.11a uses up to 20 MHz, IEEE 802.11n
uses up to 40 MHz, IEEE 802.11ac uses up to 160 MHz,
and IEEE 802.11ad uses multiple GHz of available band-
width at a 60-GHz carrier frequency. 802.11ax standards
have recently sought to increase the total bandwidth using
channel bonding, an advanced physical layer technique
that allows combining several non-continuous channels
to provide high transmission rate [7]. Thus, the signal
bandwidth is only expected to increase for emerging WiFi
networks.
Even for typical environmental settings for WiFi net-

works, which seem relatively simple, reflections from sur-
rounding objects cause strong multi-path effects from
sender to receiver. As a result, frequency-selective fad-
ing occurs across the channel bandwidth, where car-
rier frequencies experience diverse received signal levels.
Narrow-band wireless systems are mostly immune to such
frequency-selective fading. However, for systems with
much wider bandwidth (e.g., at least 20 MHz), frequency-
selective fading can become a dominant channel effect,
degrading the system performance. Frequency selectivity1
becomes an even more critical issue for MU-MIMO sys-
tems, severely degrading the high throughput previously
anticipated [8–10].
In this work, we consider the frequency selectivity

to divide the existing downlink 802.11 channels into
smaller sub-channels (including division granularity com-
parable to an 802.11ax resource unit) and dynamically
allocate the maximum width appropriate for frequency-
flat sub-channels. In doing so, the channel response

per sub-channel can be regarded as homogeneous for
all frequencies. Since each sub-channel has different
frequency characteristics, we develop an effective algo-
rithm to choose a corresponding optimal subset of users
for each sub-channel by taking into account both fre-
quency diversity and interference. The subset of users
across different sub-channels could be the same, par-
tially overlapped, or mutually exclusive, depending on
the channel characteristics of all users and the degree to
which frequency selectivity occurs. Hence, our selectivity-
awaremulti-userMIMO scheme, SAMU, overcomes a key
issue in wideband WiFi networks: frequency selectivity.
Moreover, we propose a selectivity-aware high efficiency
(SA-HE) mode, which is based on an extension to the
latest IEEE 802.11ax amendments. We experimentally
evaluate SAMU over emulated channels for repeatabil-
ity and control as well as in the field for representative
frequency-selective scenarios. Lastly, SAMU can support
a larger number of simultaneous users than the current
WiFi design. Since the entire channel is divided into mul-
tiple sub-channels, a separate subset of users is served
on each sub-channel. In a wide range of system config-
urations across emulated and real indoor channels, we
show that SAMU can significantly improve the system
throughput by 84.8%.
The main contributions of this paper are as follows:

1 We measure and evaluate the channel response
characteristics and channel orthogonality on each
sub-carrier for MU-MIMO scenarios in indoor
environments, showing that frequency selectivity not
only applies to a single link but also affects the user
selections for MU-MIMO.

2 We develop protocols and algorithms for a
selectivity-aware MU-MIMO scheme, SAMU, which
considers the degree to which frequency selectivity is
present on the channel, allocates frequency-flat
sub-channels, and chooses an optimal subset of users
for each sub-channel to improve the spatial efficiency
of the network.

3 We present the SAMU design which spans physical
(PHY) and media access control (MAC) layer
modifications to support sub-channel and user
selection. Specifically, we outline a SA-HE mode as
an extension to the latest IEEE 802.11ax draft 2.0.

4 We evaluate a sub-channel division adaptation
scheme to dynamically change the number of
sub-channels according to the delay spread in
environment of operation.

5 We conduct experiments with programmable
hardware devices over repeatable and realistic
channel conditions on a channel emulator and in a
representative environment, showing significant
throughput improvements.
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The rest of the paper is organized as follows. We pro-
vide related work as well as background knowledge in
Section 2. In Section 3, we discuss frequency diversity and
channel orthogonality for MU-MIMO schemes in indoor
environments. Then, we propose our physical and media
access layer design for SAMU in Section 4. In Section 5,
we introduce the hardware setup for SAMU evaluation. In
Section 6, we leverage our delay spread measurements for
both 2.4 and 5.2 GHz and implement sub-channel division
adaptation on diverse channels. Then, we experimentally
evaluate our design. Finally, in Section 7, we conclude our
work.

2 Related work
This work is closely related to the following areas:
(i) MU-MIMO, (ii) channel bonding, (iii) frequency diver-
sity measurements in indoor environments, and (iv)
frequency-aware wireless communication schemes.

2.1 MU-MIMO
One of the key features in IEEE 802.11ax standard is the
enhanced MU-MIMO which obtains multiplexing gains
by multiple antennas [7] and provides uplink MU-MIMO
feasibility. In the latter case, the transmitter sends the con-
trolling and synchronization frames to provide reception
from multiple users [1]. Other MIMO schemes include
beamforming, spatial diversity, and spatial multiplexing.
Multi-user beamforming can achieve additional through-
put improvement by properly setting the steering matrix
of the transmitting links to enable parallel data transmis-
sions [10, 11]. Beamforming can improve the received
signal strength of the intended user and reduce interfer-
ence to unintended users [12, 13]. Spatial diversity can
improve the transmission stability and throughput, while
spatial multiplexing aims to improve the system through-
put by sharing the channel via multiple parallel transmis-
sions [14]. However, these works either use narrow-band
signals or are evaluated in wireless channels with minimal
frequency selectivity. In contrast, we show that multi-user
systems in an indoor environment can be significantly
affected by frequency selectivity.

2.2 Channel bonding
Non-continuous channel bonding is supported in IEEE
802.11ax, enabling devices to simultaneously transmit
data by combining non-continuous channels [3]. The
main task of non-continuous channel bonding is to
select available channels for transmission [7]. With chan-
nel bonding, multiple 20 MHz channels can be bonded
together to form a wide channel. However, even with
20 MHz of bandwidth, users experience heterogeneous
channel orthogonality characteristics across sub-carriers,
which prevents access points from achieving the ideal
multi-user gain. For systems with much wider bandwidth

via channel bonding, frequency-selective fading can
become a dominant effect on the system performance,
significantly degrading the throughput benefits brought
by bandwidth expansion. Although our experiments are
conducted on a 20 MHz bandwidth due to hardware limi-
tations, we demonstrate that the system performance can
be further improved by channel division comprehensively
over a wider channel (bonding of several continuous chan-
nels) or separately over several non-continuous channel
(bonding of several non-continuous channels).

2.3 Frequency diversity measurements in indoor
environments

In order to achieve high levels of capacity and reliability
in wireless networks, measuring the wireless channel is
critical for designing and implementing effective systems.
Frequency selectivity and time selectivity are the two key
wireless channel effects that each pose a challenge to sys-
tem designers. Frequency selectivity typically corresponds
to the multi-tap effect, while time selectivity typically cor-
responds to channel fading. Channel measurements have
been done in different environments and frequency bands
[15–21]. In [15], the authors measure the channel het-
erogeneity and temporal stability to guide their system
design. In [16], the authors investigated the temporal, spa-
tial, and spectral fading in home and office environments
on the 5.2 GHz band. Power-delay profile characteristics
are measured in [18]. In [17, 20], channel characteristics
of millimeter wave signals are measured to study the fea-
sibility of next generation wireless networks in that band.
In contrast to these single antenna/user works, we study
the impact of frequency diversity on multi-user MIMO
scenarios.
Frequency-aware wireless communication: For either

indoor or outdoor environments, significant frequency
diversity has been observed. Traditional wireless proto-
cols use the same settings on all of the frequencies or sub-
carriers across the entire channel bandwidth, regardless of
the channel gain diversity. Applying different configura-
tions on sub-carriers according to their respective channel
gains can improve the system performance. Several prior
works have developed systems dealing with frequency
diversity [15, 22–24]. In [22], the author measured per
sub-carrier SNR to enable the transmitter to adapt the
bit rate independently across different sub-carriers. The
authors in [15] offer proportional protection of symbols
according to their channel quality and importance level.
In [23], an effective algorithm was developed to select
the appropriate spectrum to use for each transmission by
taking into account both frequency diversity and inter-
ference. In [24], a system was developed to redistribute
the transmit power across the sub-carriers to better cope
with the frequency selectivity, subject to a fixed power
budget constraint. In 3GPP-LTE, frequency-aware user
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scheduling and resource allocation have also been shown
to provide significant performance improvement [25]. In
contrast, we consider both spatial and spectral dimensions
for user selection in a MU-MIMO scenario and perform
sub-channel allocation according to the level of frequency
selectivity to improve MU-MIMO performance. As a
result, the abovementioned related work (e.g., [15, 24, 25])
can be applied in our proposed SAMU to obtain an aggre-
gate performance improvement. In this paper, we focus on
showing the performance improvement without adopting
further possible enhancements.

3 Impact of frequency selectivity onMU-MIMO
performance

In this section, we consider the impact of frequency diver-
sity on MU-MIMO performance. We first examine the
extent of frequency selectivity in indoor environments.
Then, we measure the impact of frequency selectivity
on channel orthogonality of different users. Finally, we
show how selectivity-aware user selection can benefit
MU-MIMO performance.

3.1 Frequency diversity in indoor environments
In a given wireless environment, there often exists a large
number of reflections and refraction from obstacles that
cause the number of signal paths to approach infinity. In
order to model the channel, these paths can be abstracted
into groups based on their attenuation and delay from the
first-arriving signal. Each group is referred to as a channel
tap. Within each group, due to the different phases and
amplitudes generated by the different path lengths, chan-
nel gain fluctuations are generated. The channel taps are
then aggregated into a single channel model (i.e., a multi-
tap channel model) which represents a given environment

with each tap having a fading characterization based on a
certain probability distribution (e.g., Rayleigh or Rician).
One standard metric to quantify the multi-path rich-

ness of a communication channel is delay spread, which
is directly related to frequency selectivity in the frequency
domain [14]. More formally, we define the delay spread as
τ , which is the time difference between the first qualified
multi-path channel tap and the last qualified multi-path
channel tap. A qualified channel tap should have a power
greater than Pmax − η, in which Pmax is the power of
the strongest channel tap, and η is a constant value. This
model is depicted in Fig. 1. Let P(τ ) denote the power-
delay profile of the channel. Then, the RMS delay spread
of the channel is given by:

τrms =
√∫ ∞

0 (τ − τ̄ )2P(τ )dτ∫ ∞
0 P(τ )dτ

(1)

Here, τ̄ is the mean delay spread of the channel and
expressed as:

τ̄ =
∫ ∞
0 τP(τ )dτ∫ ∞
0 P(τ )dτ

(2)

We conduct experiments to measure delay spread and
channel characteristics of an office indoor environment
using WARP [26]. WARP is a software-defined radio plat-
form with extensive over-the-air experimentation which
enables the users to implement custom software codes.
In order to achieve channel sounding, we generate train-
ing OFDM symbols with 256 sub-carriers as the channel
probe signals, known as the IEEE 802.11ax null data
packet announcement (NDPA) frame [1]. The probe sig-
nals are followed by a trigger signal. The channel probe
signals and the trigger signal are then transferred to the

Fig. 1 Delay spread measurement model
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transmittingWARP board via an Ethernet cable. WARP is
then triggered to transmit data samples over the air. The
receiver samples the received signals and then transfers
the raw samples to a PC, where the channel characteristics
are estimated. Note that the channel sounding procedure
needs to be performed periodically due to channel fluc-
tuations. Our experiments are conducted on the 2.4 and
5.2 GHz band over a 20 MHz bandwidth. For practi-
cal implementations, delay spread can be measured at
the receiver and fed back to the transmitter along with
channel information.
Figures 2a and 3a depict the CDF of the measured delay

spread for different η values at 2.4 and 5.2 GHz, respec-
tively. It is interesting to observe that 2.4 GHz suffers from
larger multi-path effects versus 5.2 GHz. For example, the
maximum delay spread is approximately between 50 and
260 ns at 5.2 GHz, corresponding to a difference in path
lengths that the multi-path signals traverse of approxi-
mately 15 to 78 m. In contrast, the maximum delay spread
can reach up to 300 ns at 2.4 GHz in the same environ-
ment, corresponding to a maximum path signals traverse
of 90 m.
Due to the multi-path components in the environment,

signals experience different levels of channel gain on dif-
ferent frequencies. Figures 2b and 3b depict the measured
channel gain difference across all sub-carriers.We observe
that, over different sub-carriers, the channel gain diver-
sity can be as much as 50 and 55 dB for 2.4 and 5.2 GHz,
respectively, while the average gain diversity is around
31 dB.
The phase distortion of the channel also plays a key

role in MU-MIMO. We now measure the channel phase
difference across all the sub-carriers in the same indoor
environment and show the results in Figs. 2c and 3c
for 2.4 and 5.2 GHz, respectively. We observe that, for
most of the channel implementations, the maximum
phase difference across all the sub-carriers approaches 2π
for both frequency bands. We conclude that, even at a
20 MHz of bandwidth, users can experience heteroge-
neous frequency selectivity, with 2.4 GHz presenting a

relatively larger effect on channel response characteristics
than 5.2 GHz.

3.2 MIMO channel orthogonality
Channel orthogonality is a metric to evaluate the poten-
tial spatial efficiency ofMU-MIMO systems, which can be
measured by the following equation [27]:

αi,j,k = 1 − |hi,kh∗
j,k|

||hi,k||||hj,k|| (3)

The vectors hi,k and hj,k are channel responses from the
AP to user i and user j on sub-carrier k, respectively. αi,j,k
has a range of (0,1). For αi,j,k , a value of 0 denotes that
the two channel vectors are fully parallel, while a value
of 1 denotes being fully orthogonal. The more orthogo-
nal the vectors, the less one user interferes with another
user. Hence, better spatial efficiency can be achieved to
improve the throughput.
For different users, if their channel vectors to the AP

are orthogonal, optimal multi-user gain can be achieved.
However, in practice, it is hard to find a set of users whose
channel vectors are fully orthogonal, especially for a small
number of users. An exhaustive search over the entire user
set can be used to find the optimal selected simultaneous
user set from a small number of total users [6, 28]. How-
ever, exhaustive search is not time-efficient. Instead, a
semi-orthogonal user selection algorithm has been devel-
oped, which is shown to be sub-optimal. For a large num-
ber of users, semi-orthogonal user selection provides a
sub-optimal performance with lower-time computational
complexity [29].
In existing IEEE 802.11 MU-MIMO schemes, each user

occupies the entire channel bandwidth. The signal from
each user could be correctly decoded leveraging the spa-
tial diversity of the wireless channel. For the AP to max-
imize the overall spatial efficiency, the selection of such
optimal subset of users depends on the channel charac-
teristics experienced by and the traffic demands of all the

Fig. 2 Verifying impact of frequency selectivity on MU-MIMO performance on 2.4 GHz: a delay spread in an office environment, bmaximum
channel gain difference across all sub-carriers in an office environment, cmaximum channel phase difference across all sub-carriers in an office
environment, d channel orthogonality on different sub-carriers between 2 users
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Fig. 3 Verifying impact of frequency selectivity on MU-MIMO performance on 5.2 GHz: a delay spread in an office environment, bmaximum
channel gain difference across all sub-carriers in an office environment, cmaximum channel phase difference across all sub-carriers in an office
environment, d channel orthogonality on different sub-carriers between 2 users

users. However, with frequency selectivity in the chan-
nel, a subset of users may perform better spatial efficiency
if only some sub-carriers are used due to the orthogo-
nality of the corresponding sub-channels. However, the
same scheme may not be optimal for other sub-carriers
due to the frequency selectivity changing the sub-channel
orthogonality. The problem is exacerbated with wider
bandwidths.
We conduct experiments to quantify the level of channel

orthogonality in indoor environments. We use oneWARP
board as the AP and two other WARP boards as users.
The AP is equipped with 4 antennas, while each user has
only 1 antenna. We set the number of sub-carriers to 256.
We show the measured channel orthogonality between
the two users on different sub-carriers in Figs. 2d and 3d.
We can see that, due to frequency-selective fading, the
channel orthogonality of the users fluctuate significantly
across different sub-carriers for both frequency bands,
with a standard deviation ranging from around 0.10 to 0.3.
Also, 2.4 GHz has presented a relatively larger variance in
channel orthogonality than 5.2 GHz, with the maximum
standard deviation approaching 0.34. For the sub-carriers
that possess less orthogonality, spatial efficiency degrades
significantly.

3.3 Selectivity-aware user selection
In existing MU-MIMO WiFi systems, the AP selects the
optimal group of MU-MIMO users based on an aver-
age expected performance across the entire channel. This
works well for channels with the same frequency response
across the whole bandwidth (i.e., for flat-fading channels).
However, as we have shown experimentally, in most wire-
less communication scenarios (even indoor), the multi-
path effect causes frequency selectivity. As a result, the
selected subset of users could be optimal for part of the
channel bandwidth, but not optimal for other parts of
the channel bandwidth.
If we divide the whole bandwidth into a number of

chunks based on channel coherence bandwidth, for each

chunk, users experience similar channel effects. How-
ever, for different chunks, users experience different chan-
nel effects due to frequency selectivity, and the system
chooses different subset of users to serve accordingly. In
our indoor experiments described in Section 6, the fre-
quency chunk has an approximate bandwidth of 500 kHz.
Assume that n denotes the number of chunks divided
for the current bandwidth. Thus, n with a value of 40
for a 20 MHz of bandwidth means that we divide the
whole bandwidth into 40 frequency-flat regions. As the
total bandwidth increases, n will increase proportionally.
Therefore, in our proposed system, SAMU, we divide the
given bandwidth into sub-channels and select the optimal
set of users for each sub-channel. The number of these
sub-channels, n, depends on both the bandwidth, the
frequency selectivity characteristics of the environment
across the given bandwidth (the maximum delay spread),
and the frame duration. The set of users across different
sub-channels could be the same, partially overlap, or be
mutually exclusive.
For a given sub-carrier, different pairs of users expe-

rience different levels of channel orthogonality. One
pair of users may experience poor orthogonality, while
another pair of users may have good orthogonality. If
we choose the users on a sub-carrier basis or group of
sub-carriers basis, we can get optimal orthogonality on
each sub-carrier. Therefore, throughput could be poten-
tially improved. Thus, with intelligent selection of users
and channel partitioning, MU-MIMO performance can
be improved significantly. We show a simple example of
the channel division for two pairs of users on different
sub-carriers in Fig. 4. One critical change with 802.11ax
is that the sub-carrier spacing has been reduced to one
fourth of the previous 802.11 revisions, which means that
the FFT size proposed for a 20 MHz of bandwidth is 256.
In this scenario, if we divide the entire 20-MHz bandwidth
into 4 sub-channels, then there will be 64 sub-carriers in
each sub-channel. For sub-channels 1, 2, 3, and 4, we select
the user groups of {2, 3}, {1, 2}, {2, 3}, {1, 2} based on users’
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Fig. 4 Demonstration of selectivity-aware channel division on 5.2 GHz

internal channel orthogonality, respectively. As a result,
there will be significant throughput improvement, as we
will see in Section 6.

4 Design of SAMU
In this section, we describe the design of our selectivity-
aware MU-MIMO system, SAMU, for wideband WiFi. In
particular, SAMU consists of (i) a PHY layer design that
supports sub-channel encoding, (ii) aMAC layer design to
optimally select users in a given sub-channel, (iii) an ACK
management mechanism for multiple data packets across
the channel bandwidth, and (iv) an adaptation mecha-
nism for sub-channel division according to diverse delay
spreads across environments. We first describe the phys-
ical layer aspects of SAMU and outline a SA-HE mode
which would be an extension to IEEE 802.11ax. We then
discuss the media access layer aspects of SAMU and pro-
pose a selectivity-aware user selection algorithm. Finally,
we propose bandwidth division and adaptation algorithms
that adjust SAMU’s operation based on changes in the
environment.

4.1 Physical layer signaling
Figure 5a shows the HE mode data frame format,
known as the high efficiency multi-user physical proto-
col data unit (HE MU PPDU) for transmitting to one or
more users, defined in the IEEE 802.11ax standard. The
802.11ax frame, similar to that of 802.11ac, starts with the
legacy (non-HE) preamble. The L-STF, L-LTF, and L-SIG
fields in the legacy preamble are used for backward com-
patibility and coexistence with prior IEEE 802.11 stan-
dards (e.g., IEEE 802.11a/g/n/ac). These fields are used for
frame detection, automatic gain control (AGC) settings,
channel estimation, and frequency/timing synchroniza-
tion. The HE preamble includes RL-SIG, HE-SIG-A, HE-
SIG-B, HE-STF, and HE-LTF portion. The RL-SIG field is
another symbol repetition of L-SIG for the early detec-
tion of 802.11ax frames. The HE-SIG-A field is used to
convey the common control information, including the
bandwidth, guard interval (GI), space-time block coding
(STBC), basic service set (BSS), and transmission oppor-
tunity (TXOP) duration. The HE-SIG-B field is present
in 802.11ax only for MU-MIMO operations, which is

Fig. 5 Frame format: a HE MU PPDU format in IEEE 802.11ax and b the proposed SA-HE mode
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defined to have a common field followed by a user-specific
field. The common field includes the information for all
of the designated users to receive the PPDU in their cor-
responding bandwidth. The user-specific field consists of
the packet size, modulation scheme, and coding level for
the packet of the specified user among all simultaneously
selected users. The HE-STF field is used to improve AGC
performance at the receiver in a MIMO setting, and the
HE-LTF is used to estimate MIMO channels. The data
field contains the modulated signals, which overlap in
both time and spectrum across all simultaneous users [1].
The HE-SIG-A embodiment is composed of two symbols,
HE-SIG-A1 and HE-SIG-A2 (as depicted in Fig. 6), which
are currently proposed in the IEEE 802.11ax amendments
[2, 30]. All the information shown in Fig. 6 is required
for the receiver to interpret the HE transmission config-
uration. Specifically, group ID is used to specify the user
information for each transmission. First, each authorized
user is assigned a group ID and a user position by the AP
via a group ID management frame. Each user served by
the AP has a unique group ID and a corresponding user
position. When a user receives a HE-SIG-A packet and
finds that the group ID in that packet matches its own
local group ID, the user will look up the user position
and then choose the modulation parameters that belong
to that user position in order to decode the received
signal. The HE-SIG-A field is designed for MU-MIMO
operation. However, in our selectivity-aware multi-user
scheme, since we divide the entire wireless channel
into multiple sub-channels, the signal of a user may
occupy different number of sub-channels depending on
the channel characteristics of the simultaneous users.
For a selected user, to correctly decode the signals, the
index of every sub-channel that carries its data packets
must be known. Moreover, for different sub-channels, the
resulting signal-to-interference-plus-noise ratio (SINR) is
different. As a result, different modulation and coding
schemes (MCSs)may be applied to different sub-channels,
even for the same user. Hence, MCS information must

also be conveyed to each intended receiver, and we corre-
spondingly insert additional signaling fields in the frame
to carry this information. We use 3 of the reserved bits
(shown in Fig. 6) in the HE-SIG-A fields to inform the
receiver whether the transmission is in selectivity-aware
mode or not and how many sub-channels are in use.
The configuration of the bandwidth division is shown
in Table 1. The number of coded bits in the base rate
transmission mode is given by Nbase, the number of
resulting sub-channels is denoted as Nsub, and the num-
ber of additional SA-SIG-A and SA-SIG-B symbols is
Na and Nb, respectively. For each bandwidth, a corre-
sponding number of sub-carriers are used in the OFDM
scheme. Npkt−bit is the number of bits used to indicate
the packet size on each sub-channel for each user. When
the AP uses the existing IEEE 802.11ax scheme for trans-
mission, the selectivity-aware configuration is set to the
value v = “000". A non-zero selectivity-aware configu-
ration denotes that the AP will divide the channel into
2v sub-channels for transmission. In this mode, there are
additional selectivity-aware signal-A (SA-SIG-A) symbols
appended after the HE-SIG-A field and SA-SIG-B symbols
appended after the HE-SIG-B field to inform the receiver
the configurations on each sub-channel. The frame format
of the SA-HE mode is shown in Fig. 5b.
For each sub-channel, a separate group ID, NSTS (num-

ber of space-time streams), coding type, MCS value, and
packet size are needed for the receivers to correctly
decode the packet. The group ID, NSTS, and coding type
are carried in the HE-SIG-A and SA-SIG-A fields. The
MCS value and packet size are carried in the HE-SIG-B
field and SA-SIG-B fields. With sub-channel divisions, the
HE-SIG-A field contains the group ID, NSTS, and cod-
ing type for the first sub-channel. The group ID, NSTS,
and coding type for the remaining sub-channels are in the
SA-SIG-A field. Each group ID has 6 bits, each NSTS has 3
bits, and each coding type has 1 bit. For each sub-channel,
themaximum simultaneous users is 4. As a result, for each
sub-channel, 22 additional bits need to be transmitted

Fig. 6 Proposed HE-SIG field in IEEE 802.11ax: a HE-SIG-A1 and b HE-SIG-A2
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Table 1 Selectivity-aware configuration

Bandwidth Nbase v Nsub Npkt−bit Na Nb

20 MHz 33 000 1 16 0 0

001 2 15 2 1

010 4 14 3 2

011 8 13 7 4

100 16 12 14 8

101 32 11 29 15

40 MHz 65 000 1 17 0 0

001 2 16 2 1

010 4 15 3 1

011 8 14 7 3

100 16 13 14 5

101 32 12 29 8

80 MHz 136 000 1 19 0 0

001 2 18 2 1

010 4 17 3 1

011 8 16 7 2

100 16 15 14 3

101 32 14 29 5

160 MHz 272 000 1 19 0 0

001 2 18 2 1

010 4 17 3 1

011 8 16 7 1

100 16 15 14 2

101 32 14 29 3

with the base rate in the SA-SIG-A field. We use a dif-
ferent number of packet-size configuration bits for each
sub-channel according to each sub-channel division to
make the maximum physical layer frame duration back-
ward compatible. The packet size and MCS information
for the first sub-channel is located in the HE-SIG-B field,
and the packet size and MCS information for the rest of
the sub-channel are in the SA-SIG-B field. The number of
SA-SIG-A and SA-SIG-B symbols for each channel band-
width and channel division is shown in Table 1. Since the
SA-SIG-A field uses the IEEE 802.11 a/g legacy base rate
(24 bits per symbol) for the purpose of backward compat-
ibility, the number of symbols in the SA-SIG-A field, Na,
can be calculated as follows:

Na =
{
0 if N sub = 1⌈

(Nsub−1)×22+6
24

⌉
otherwise (4)

In IEEE 802.11ax, each OFDM symbol with the base
rate mode (BPSK with a code rate of 1/2), 33, 65, 136, and
272 coded bits can be carried with the bandwidth of 20,
40, 80, and 160 MHz, respectively [1]. The number of bits
required to convey MCS information is 4. As a result, the
number of SA-SIG-B field symbols, Nb, can be calculated
as follows:

Nb =
{
0 if N sub = 1⌈

(Nsub−1)×(Npkt−bit+4)+6
Nbase

⌉
otherwise (5)

Compared to the current IEEE 802.11ax, the SA-SIG-A
and SA-SIG-B fields introduce different overhead levels
proportional to the channel bandwidth and channel divi-
sion level. The throughput efficiency with overhead is
given by:

ξ = Tf − Theader − (Na + Nb) × Ts

Tf − Theader
(6)

Here, Tf is the PHY frame duration. Theader is the time
duration, including the preambles and signaling symbols
in the frame. Ts is a symbol duration with a value of
13.6 μs, assuming a cyclic prefix (CP) length of 0.8 μs
as specified in [1]. From the evaluation in the follow-
ing section, we will see that the improvement provided
by channel division is much higher than the overhead
introduced by channel division.

4.2 Physical layer modulation
For the SA-HE scheme, since we divide the entire chan-
nel into sub-channels with the same frame duration, the
packet size transmitted on one sub-channel is smaller
than the existing IEEE 802.11ax HE mode. The AP first
divides the packet for a served user into smaller packets
that will fit into one sub-channel. Then, the AP allocates
one or more small packets for a user on one or more sub-
channels with potentially different modulation and coding
schemes. The AP first calculates the MCS for each user
on each sub-channel according to the channel quality and
orthogonality. For each sub-channel, the AP allocates a
certain amount of information bits to make sure each sub-
channel has the same number of valid data symbols. The
PHY layer transmitter block diagram of the SA-HE mode
is shown in Fig. 7a. Currently, an IEEE 802.11ax AP mod-
ulates the data for each served user and then maps the
data onto the analog and RF chains. In the proposed SA-
HE scheme, there is an additional sub-channel dimension.
The AP needs to modulate the data for each user on each
sub-channel and then maps the resulted data into spa-
tial and sub-channel streams. While SA-HE has a slightly
higher complexity, modern wireless transceivers typically
use a combination of an embedded CPU and ASIC which
can both be multiplexed over time.

4.3 Media access control layer design
The MAC layer of the SA-HE mode mostly adopts the
MAC protocol for the HE mode of the latest draft of IEEE
802.11ax with some modifications [2]. Since the entire
channel is divided into multiple sub-channels, and a sepa-
rate subset of users is served on each sub-channel, one AP
may support a larger number of simultaneous users than
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Fig. 7 SAMU MAC and PHY design: a transmitter block diagram of SA-HE mode and b transmission and acknowledgement in SA-HE. There are n
users, and at each sub-channel, four users are grouped together. The set of users at different sub-channels may or may not overlap

the current number supported by IEEE 802.11 APs. In this
section, we describe how SA-HE manages and supports
the larger number of simultaneous users.
According to the reported channel characteristics from

all the authorized users via sounding packets, the AP
selects the optimal subset of users for each sub-channel.
Priority from the application layers or fairness could also
be considered during user selection. However, in our
design and experimentation, we choose to use the maxi-
mum total throughput metric to select the users. The user
selection mechanism is based on a low-complexity zero-
forcing beamforming strategy that chooses the candidate
channel with the best orthogonality [29]. The process is
depicted in Algorithm 1.

Algorithm 1: User Selection
Input: all the users with data traffic
Output: selected users on each sub-channel
for each sub-channel from 0 do

if user with priority and data remaining then
choose the user with priority

else
choose the user with the maximum channel
gain

choose the rest of the users according to [29]

Adopted from IEEE 802.11ax, each user is assigned a
distinct user group ID and user position via the group
ID management frame. As we described in the PHY layer
design, there is information about the group ID and user
position contained in the HE-SIG-A and SA-SIG-A fields.
Whenever the AP transmits packets to multiple users on
multiple sub-channels, each user receives the HE-SIG-A
and SA-SIG-A fields in their packets. With the informa-
tion contained in the signaling symbols, the user knows
the information of all the other simultaneous users, as
well as the user position information for each sub-channel.

The receiver then looks up the stored user group table
and generates a list indicating the simultaneous users for
this transmission. The users served with this transmission
are then ordered from lower sub-channel to higher sub-
channel and from lower position to higher position. The
users of sub-channel 0 is at the front of the list, and the
user with user position 0 on sub-channel 0 is the first item
in the list. Then, the receiver checks the next sub-channel.
If the users on the current sub-channel already exist in the
list, then they will not be included again. If there are new
users that do not exist in the list, the receiver will append
the new users to the list. The receiver repeats this pro-
cess until the last sub-channel is considered, as shown in
Algorithm 2.

Algorithm 2: Distributed Acknowledgment Manage-
ment
Input: Received HE-SIG-A and SA-SIG-A data
Output: Acknowledgment management
user set = empty
my ack order = 255
my sub-channel = empty
for each sub-channel from 0 do

for each user position from 0 do
if current user is me then

Insert sub-channel index to my
sub-channel
ifmy sub-channel is empty then

my ack order = sizeof (user set)+1
else

do nothing

else
if current user already in user set then

do nothing
else

add current user to user set
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In Fig. 7b, we depict an example explaining the ordering
mechanism.On sub-channel 0, the group of users {1, 2, 3, 4}
are served. On sub-channel 1, the group of users {5, 1, 6, 2}
are served. Then, for user 2, two lists are created. The first
list is the user order list, which is {1, 2, 3, 4, 5, 6}. The
second list is the sub-channel list that carries packets for
user 2. In this case, it is {sub-channel 0, sub-channel 1}.
For each user, after decoding its PHY layer packets on

one or more sub-channels according to the sub-channel
list, it will recover the MAC layer packets by combin-
ing the PHY layer packets. When the receiver successfully
receives the data packets on all sub-channels, an ACK
packet is required to be sent back to the AP. Otherwise, the
AP will assume packet loss and a packet retransmission
would be initiated in the following transmission. With the
user order list, the users that have successful packet recep-
tions will send ACK packets one by one to notify the AP.
The ACK packets include the user and sub-channel infor-
mation, according to the order in the list. Since the ACK
transmission time can be pre-calculated and followed by a
DIFS slot, other users in the queue can virtually sense the
total number of ACK frames.
Sub-channel division will reduce the capacity of each

sub-channel proportionally to the number of sub-
channels. However, each user can occupy more than one
sub-channel. By allocating the same user multiple sub-
channels, SAMU can meet the data rate demands of
users, while achieving significant gains in the aggregated
throughput among all users. During user selection, the AP
can mark some users as having higher priority. For each
sub-channel, the user with the highest priority and highest
channel gain will be selected first. Then, the users with the
best channel orthogonality will be selected accordingly.
The ACK packets from multiple users usually cause

additional transmission overhead. However, this overhead
can be reduced by two means. First, SAMU users send
ACK packets back-to-back according to the user order in
the PHY header, which removes the overhead of block
ACK request packets in IEEE 802.11ax specifications
[1, 2]. Second, by partially overlapping the user sets for dif-
ferent channels, the total number of users in one transmis-
sion can be minimized. Thus, the number of back-to-back
ACK packets can be minimized.

4.4 Channel division adaptation
Due to the mobility of the transmitter, receiver, or obsta-
cles within the environment, channel fading is observed
in the time domain, including variations of the number of
taps, the amplitude of each tap, and the tap delays.
In the frequency domain, the time-varying wireless

channel is represented by amplitude and phase shifts on
each sub-carrier and the coherence bandwidth of the
channel spectrum. Coherence bandwidth is an approx-
imate maximum bandwidth or frequency interval over

which two frequencies of a signal are likely to experi-
ence comparable or correlated amplitude fading. When
the coherence bandwidth is small, the signal will expe-
rience significantly different channel responses at differ-
ent frequencies across a wideband channel. Therefore, to
maintain orthogonality between users, we should divide
the entire bandwidth into more sub-channels. When the
coherence bandwidth is large, we can divide the whole
bandwidth into less sub-channels to reduce the over-
head introduced by the system information carrying the
channel division information.
If we divide the entire channel into a small number

of sub-channels, then each channel may still experience
severe frequency selectivity, not being able to provide the
optimal performance improvement. If we divide the entire
channel into a large number of sub-channels, the chan-
nel orthogonality will become much better, potentially
increasing the system throughput. However, the overhead
caused by the control information will also degrade the
system performance. In order to optimize the system, we
need to divide the channel into different number of sub-
channels, according to the level of frequency selectivity.
Delay spread is one of the key parameters that determines
the frequency selectivity. The channel characteristics on
each sub-channel typically change with time or due to
diversity across environments. As a result, the subset of
users on each sub-channel should also be updated to adapt
to the channel conditions.
Different levels of channel selectivity require unique

channel division factors to achieve the optimal perfor-
mance, which is a balance between the throughput gain
introduced by the channel division and the overhead for
conveying the division information. The AP measures the
RMS delay spread of channels for all the authorized users
periodically and then changes the band division factors
accordingly. The number of resulting sub-channels from
channel division,m, can be expressed as:

m = 2
⌊
log2(Wτ f (Tf ))

⌉
(7)

Here, �� represents a rounding function, and f (Tf ) is a
function of the frame duration. Even for the same channel
characteristics, different frame durations result in differ-
ent number of sub-channels due to the different overhead
caused by the different channel division settings. Since
it is challenging to find a closed form expression for
f (Tf ), we choose to empirically find a set of delay-spread
thresholds between different options of the sub-channel
divisions, which is shown in Section 6.With environments
that do not change significantly with time, the AP may
always keep the same number of sub-channels for trans-
mission. However, once the environment changes, causing
themeasured delay spread to cross a threshold, the APwill
adapt the number of sub-channels accordingly.
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The frequency-domainMIMO channel response is usu-
ally estimated by the received HE-LTF signals and the
local HE-LTF signals. The receiver then uses the estimated
channel response to remove the distortions of received
symbols for decoding. However, for our delay-spread
measurements, it is more convenient to process the time-
domain channel profile. Therefore, we apply an inverse
fast Fourier transform (IFFT) to the estimated frequency
domain channel response to generate the time-domain
channel profile, demonstrated in Fig. 8.

5 Experimental setup
In order to evaluate SAMU on diverse channels, we use
a software-defined radio architecture, WARPLab, in both
emulated channels and a representative indoor environ-
ment, as shown in Fig. 9. WARPLab enables users to
implement the PHY layer and MAC layer functionalities
in MATLAB and transmit/receive actual signals using RF
radios [26]. Then, the coded and modulated data samples
are transferred to the WARP board via an Ethernet cable.
WARP is then triggered to transmit data samples over
the air. The receiver samples the received signal over the
air and then transfers the raw samples to the PC, where
MATLAB demodulates and decodes the transmitted data.
In our experiments, one WARP board with four anten-
nas acts as an AP, and the rest of the WARP boards act
as client devices equipped with one antenna for each. We
use an AzimuthWireless Channel Emulator to investigate

the factors that affect the system performance. The chan-
nel emulator can generate controllable and repeatable
channel conditions for complex wireless environments by
ways of a documented TCL API for scripting tests. The
emulation system is shown in Fig. 9a.
In addition to the emulator experiments, we also evalu-

ate the system in an indoor environment. The floor plan
of the office environment for our experiments is shown in
Fig. 10. We place the AP at the location marked with the
red star and randomly place the users in the area marked
with green ovals. The antennas of the AP form a square
configuration shown in Fig. 9b. The distance between
antennas along each side of the square is 20 cm, which is
approximately the size of an AP device. Moreover, with
the application of the 2.4 and 5.2 GHz bands, this antenna
separation allows little correlation between the channels
from different transmit antennas.
We run our experiments on a WiFi channel at two cen-

tral frequencies: 2.4 and 5.2 GHz. The transmit signal
bandwidth is 20 MHz, which is the maximum band-
width currently supported by WARP. We use 256 OFDM
sub-carriers in our experiments, which is compatible
for next-generation WLAN technologies with a 20 MHz
bandwidth.
For wireless systems, throughput is a typical metric of

system performance. However, the throughput is usu-
ally closely related to the modulation and coding scheme
(MCS). For a system with sparse MCS choices, in two

Fig. 8 Time-domain channel profile generation
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Fig. 9 Equipment settings for performance evaluation. a Setup using WARP and Azimuth Channel Emulator. b Antenna placement for indoor
over-the-air testing

scenarios with different channel qualities, the same MCS
may be selected. As a result, the same throughput will
be reported to the higher layers. Moreover, rate adap-
tation is usually used for wireless systems to adapt the
transmission rate to the channel quality to improve the
system throughput. However, due to the sparse MCS
options and the performance of various rate adapta-
tion schemes, the reported throughput can be diverse
even for the same physical system design, preventing
direct isolation of the potential system performance gain
introduced by our selectivity-aware MU-MIMO scheme.
Therefore, we adopt the system evaluation metric and
method used in [8], which is to measure the received SNR
and directly map the SNR to throughput. The SNR is
calculated by mapping the digital output samples to the
absolute received signal power applied by amplifier gains.

Assuming i is the sub-channel index, the throughput
metric is given by:

Rate =
∑
i
log2

(
1 + SNRi

measured
)
[ bit/s/Hz] (8)

6 Results and discussion
In this section, we discuss the channel division across
different values of and evaluate the performance gain of
SAMU in two types of environments: emulated chan-
nels and practical channels, as introduced in the previous
section.

6.1 Channel division across delay spreads
We first use emulated channels to study the impact
of different channels and system parameters. For each

Fig. 10 Floor plan of the indoor testing environment
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sub-channel division factor, we evaluate the throughput
improvement versus the delay spread to find the optimal
division factor given a particular delay spread.
We first study the impact of diverse delay spreads on

channel divisions. We set the total number of users served
by an AP to be 256 and use an equal-power echo chan-
nel in this experiment (i.e., there is no attenuation in gain
from the first channel tap to the second). We set the num-
ber of equal-power channel taps from 1 to 7 and the time
delay between adjacent channel taps to be 50 ns, which
is the inverse of the channel bandwidth. The total chan-
nel gain for different channel models is normalized to
0 dB. For each test, we generate multi-path channel effects
between each of the transmit-receive antenna pairs with
a Rayleigh distribution. Then, we measure the throughput
with diverse delay spread values for each channel division
configuration listed in Table 1. For each test case, we
complete 1024 transmissions to obtain a reliable average
result, with a packet over-the-air duration of 2.73 ms and
a guard interval of 3.2μs. The results are given in Figs. 11a
and 12a.
We can observe that, without channel division (i.e.,

one sub-channel), a non-zero delay spread will degrade
the system throughput severely. With channel divisions,
less frequency selectivity occurs within each sub-channel,
achieving far better channel orthogonality than that with-
out channel divisions. One should not ignore that the
channel division increases the throughput only logarith-
mically with respect to the number of sub-channels. By

further increasing the number of sub-channels (e.g., more
than 16), we predict that the throughput performance of
SAMU is about to significantly increase. Moreover, for a
fixed bandwidth (e.g., 20MHz, as in our experiments), the
performance improvement of SAMU is less for a smaller
delay spread due to less frequency selectivity and less of
a need to divide into sub-channels. However, as band-
width scales (e.g., 160 MHz, as in 802.11ac and 802.11ax),
even a very small delay spread (less than 50 ns) can result
in severe frequency selectivity across the bandwidth. We
expect that the performance of SAMU will only increase
from the results reported in this paper as instantaneous
bandwidth scales.
To quantify the gain, we show the improvement intro-

duced by channel division in Figs. 11b and 12b. We
observe that, for 4 antennas and 4 selected users on
each sub-channel, when the delay spread reaches 300 ns,
we can achieve as much as 75.4 and 84.8% improve-
ment compared to the current IEEE 802.11ax MU-MIMO
scheme without channel divisions for 2.4 and 5.2 GHz,
respectively. At both frequency bands, the channel divi-
sion has less of an improvement with a delay spread of
50 ns because of the reduced frequency selectivity with a
20-MHz bandwidth. However, with higher bandwidth, the
trends observed here will collectively shift to the left (i.e.,
the effect of frequency selectivity is exacerbated even with
small delay spreads, and the use of sub-channels will only
have a greater benefit for a given delay spread). More-
over, the 2.4-GHz band has benefited from higher data

Fig. 11 Experimental results with either emulated or actual wireless channels on 2.4 GHz. a Normalized throughput for different number of
sub-channels across channel delay spreads. b Normalized throughput gain for different number of sub-channels across channel delay spreads.
c Normalized throughput gain versus antenna numbers on the AP for 2 selected users. d Throughput gain versus the number of total users in the
coverage of the AP. e Sub-channel division threshold changes with frame duration. f Sub-channel division threshold changes with channel
bandwidth. g Normalized throughput gain in emulated IEEE TGn channel model. h Normalized throughput gain in an actual office environment
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Fig. 12 Experimental results with either emulated or actual wireless channels on 5.2 GHz. a Normalized throughput for different number of
sub-channels across channel delay spreads. b Normalized throughput gain for different number of sub-channels across channel delay spreads.
c Normalized throughput gain versus antenna numbers on the AP for 2 selected users. d Throughput gain versus the number of total users in the
coverage of the AP. e Sub-channel division threshold changes with frame duration. f Sub-channel division threshold changes with channel
bandwidth. g Normalized throughput gain in emulated IEEE TGn channel model. h Normalized throughput gain in an actual office environment

rates compared to the 5.2 GHz under the same delay
spread.
We also examine how the throughput is affected by the

number of antennas on the AP. To do so, we keep the num-
ber of selected users at 2 and change the number of AP
antennas to be 2, 3, and 4. We use a 7-tap, equal-power
echo channel model for this experiment. The result is
shown in Figs. 11c and 12c. We observe that, as the num-
ber of antennas increases on the AP, the achieved chan-
nel division improvement decreases for both frequency
bands. This is due to channels between users tending to
be more orthogonal, regardless of the frequency selectiv-
ity, as the number of antennas become much more than
the number of selected users. In addition, the through-
put performance improvement due to channel division is
more significant in the 5.2-GHz band as compared with
the 2.4-GHz band.
As the number of users increases, the probability

of finding completely orthogonal simultaneous users
increases. Hence, dividing the bands according to the level
of frequency selectivity could achieve far greater through-
put gains (i.e., where orthogonality in space cannot be
exploited, orthogonality in frequency can be exploited).
To evaluate this experimentally, we return to the default
setup of 4 antennas on the AP and again use a 7-tap equal-
power echo channel model. The performance for a differ-
ent number of total users (with at most 4 users selected
per transmission) is shown in Figs. 11d and 12d. We
observe that, the throughput improvement increases with
the increase of the number of users for both frequency

bands. However, the increase becomes more nominal
when the total user number exceeds approximately 160
users and 192 users for 2.4 and 5.2 GHz, respectively.
Furthermore, SAMU is able to adapt the number of

sub-channels to the delay spread and frame duration.
We now evaluate the adaptation threshold for different
frame durations within emulated channels and show the
results in Figs. 11e and 12e. We observe that as the frame
duration increases, the sub-channel adaptation threshold
decreases, tending to usemore sub-channels for the trans-
mission. This is due to the reduction in relative overhead
for the channel division with a larger frame duration, as
indicated in Eq. 6. We also show that 2.4 GHz has a larger
appetite for more sub-channel divisions than 5 GHz, due
to the larger multi-path effect from which it suffers. Sim-
ilarly, with greater bandwidth, the SA-SIG-B field will
have less symbols, reducing the impact of the channel
division overhead. Therefore, the adaptation threshold
also decreases, as shown in Figs. 11f and 12f.

6.2 Diverse 802.11 channels
For our system evaluation, we first use a channel emula-
tor with channel model E in IEEE 802.11 Wireless LANs
TGn Models, which is for typical large indoor spaces
with NLOS conditions (e.g., a large auditorium, confer-
ence hall, or gymnasium) [31]. The large number of users
in these locations tend to improve MU-MIMO perfor-
mance. The channel model profile we use is shown in
Table 2. We use a central frequency of 5.2 GHz. We
vary the frame duration to investigate the impact of the
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Table 2 802.11 indoor channel model

Excess delay (ns) 0 10 20 30 50

Power (dB) – 2.6 – 3.0 – 3.5 – 3.9 – 4.5

Excess delay (ns) 80 110 140 180 230

Power (dB) – 5.6 – 6.9 – 8.2 – 9.8 – 11.7

Excess delay (ns) 280 330 380 430 490

Power (dB) – 13.9 – 16.1 – 18.3 – 20.5 – 22.9

overhead introduced by the extra SA-SIG-A and SA-SIG-
B symbols. Moreover, we implement an OFDMA-based
protocol for the legacy IEEE 802.11ax as a comparison
to the performance of SAMU, independently. In order to
better compare the system performance between SAMU
and the legacy 802.11ax, the key evaluation feature is
whether the frequency selectivity-awareness is imple-
mented across the various emulated channels. Table 3
summarizes parameters of the IEEE 802.11ax standard
and SAMU.
The results are shown in Figs. 11g and 12g. We observe

that, with the largest frame duration setting, 5.46 ms
specified in [1], SAMU achieves 70 and 75% throughput
improvement over the standard HE mode in 802.11ax for
2.4 and 5.2 GHz, respectively. However, if the frame dura-
tion is smaller, the impact of the overhead introduced
by the extra SA-SIG-A and SA-SIG-B symbols becomes
larger, resulting in less improvement by channel division.
In addition, when the number of divided sub-channels is 8,
the number of sub-carriers per sub-channel is comparable
to the size of a 802.11ax Resource Unit (26 sub-carriers).
Thus, we can predict that the size of a resource unit defined
in legacy 802.11ax standard is not small enough to combat
the frequency-selective fading, with excessive sub-channel
division (smaller sub-carrier granularity) being able to
further improve the system performance.
We also evaluated the performance gain of SAMU

versus the legacy 802.11ax scheme without selectivity-
aware in the same practical office environment, as shown
in Section 3. The legacy 802.11ax is based on the
same OFDMA-based protocol for emulated channels. As
depicted in Figs. 11h and 12h, SAMU outperforms the

Table 3 SAMU and IEEE 802.11ax OFDMA parameters

Protocol IEEE 802.11ax SAMU

Central frequencies 2.4/5.2 GHz 2.4/5.2 GHz

FFT size 256 256

Modulation schemes QPSK QPSK

Coding rate 1
2

1
2

Guard interval 3.2 μs 3.2 μs

Selectivity-aware No Yes

existing 802.11ax scheme as much as 49 and 53% in an
actual environment for 2.4 and 5.2 GHz, respectively. The
reflections and multi-path in this office environment is
not as severe as in the channel model that we use for chan-
nel emulation. If we conduct the experiments in an area
with more reflections and larger delay spread, larger gains
are expected. However, in an environment with smaller
delay spread, as shown in Figs. 11h and 12h, the 16 sub-
channel cases have better performance than the result
with 32 sub-channels at the smallest frame duration of
1.36 ms, suggesting that excessive sub-channel division
can degrade the throughput due to the overhead intro-
duced. While we still observe a dominant effect of large
overhead when the number of sub-channels is greater than
16, our results show that the throughput gain of SAMU
benefits from the increase of the number of sub-channels at
relatively smaller overhead.

7 Conclusion
In this work, we considered frequency selectivity to opti-
mize system capacity by jointly considering the critical
enhancements of implementing OFDMA andMU-MIMO
in the IEEE 802.11ax. We chose the optimal subset of
users according to their spatial orthogonality and fre-
quency diversity based on largest band division that can be
considered frequency flat. SAMU ensures user optimal-
ity in each sub-channel, and we showed that it supports
more simultaneous users and significantly improves the
multi-user performance in a network. Moreover, we pro-
posed a selectivity-aware high efficiency mode based on
IEEE 802.11ax, which is an extension to the existing IEEE
802.11 standard. From our experimental results, SAMU
showed as much as 84.8% throughput improvement com-
pared to the existing systems in repeatable scenarios over
the channel emulator and representative indoor envi-
ronments. In the future, frequency selectivity will only
increasingly dominate the behavior of WiFi as bandwidth
scales, underscoring the importance of SAMU.

Endnote
1 In this paper, the term selectivity refers to frequency

selectivity.
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