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For the next-generationWi-Fi systems, the EnhancedMultilink Single-Radio (EMLSR) operation has become a promising feature
to improve the Wi-Fi system performance. (e EMLSR enables dynamic switching among multiple bands with low-cost
implementation and efficient power consumption. However, with realistic channelization of multiple links with 320MHz
bandwidth on 6GHz and 160MHz bandwidth on 5GHz, the performance of EMLSR is jeopardized due to the crowded 5GHz
band with existingWi-Fi systems. In addition, the unbalanced bandwidth configuration between an access point (AP) and stations
(STAs) multilink devices (MLDs) may result in wasted secondary channels when STAs supporting smaller bandwidth stay on the
primary channel only.We proposed the further enhanced EMLSR with a newMAC protocol and link selection mechanism, where
a primary link (PL) is selected between AP and STA with the unbalanced Link/Band and one or multiple secondary links (SLs)
with balanced Link/Band. (e STA tunes the main radio on the PL and the scan radio to one of the SLs. (e PL will be more
prioritized than the SL based on the link selection algorithm to maximize the channel utilization. Compared with legacy EMLSR,
the enhanced EMLSR can improve the utilization of the secondary channel. Even under heavy OBSS load on SL or both PL and SL,
the further enhanced EMLSR can achieve 50% to 70% throughput gain.

1. Introduction

(e development of IEEE 802.11 standards has been
moving quickly in the past few years. With an ever-growing
number of devices using Wi-Fi, the next-generation Wi-Fi
systems are required to be capable of managing dense
scenarios, increased data traffic, and a diverse mix of ap-
plications and services with differing requirements. Up to
IEEE 802.11ac [1], the evolution of Wi-Fi standards and
technologies was focused primarily on achieving succes-
sively higher throughput [2]. However, in the real de-
ployments, with lots of users with varying application
requirements, the next-generation Wi-Fi system is
designed to deliver a satisfactory experience to all the users
that are operating in the system [3–7]. (e problem is not
how high the throughput can be achieved but whether the
Wi-Fi system has enough capacity to handle the growing

demand for many users with different application
requirements.

(e latest Wi-Fi standard IEEE 802.11ax [8] orWi-Fi 6 is
designed to improve system performance by introducing
several multiuser (MU) technologies, including orthogonal
frequency-division multiple access (OFDMA) [9] and target
wake time (TWT) [10]. In addition, the 802.11ax standard
has enhanced the multiuser multiple input, multiple output
(MU-MIMO) mechanism that was firstly introduced by the
802.11ac standard. By using the OFDMAmechanism, an AP
can distribute the data transmissions to multiple users into
multiple resource units (RUs) and simultaneously transmits
data in the RUs to these users. Compared with the single-
user transmission mechanism, OFDMA reduces the over-
head of channel access to transmit data to the multiple users
one by one. With the help of OFDMA, the performance of
Wi-Fi systems under dense environment is dramatically
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improved [11]. (e MU-MIMO mechanism is enhanced as
well in the 802.11ax standard to support more spatial
streams. Furthermore, MU-MIMO mechanism can be used
together with OFDMA to increase the number of users
simultaneously in the MU transmissions. One of the existing
issues of Wi-Fi system is the overhead associated with the
channel access. In order to handle the negative effects of
channel contention, the TWTmechanism was introduced in
the IEEE 802.11ax amendment. It provides a simple but
efficient solution to schedule frame transmissions to dif-
ferent user groups in different time period so the channel
contention is limited inside the scheduled time period. In
addition to the contention reductions, TWTmechanism can
also contribute to the advantage of other transmission
mechanisms such as MU transmissions, spatial reuse [12],
and coexistence in high-density WLAN networks.

After the IEEE 802.11ax standard was recently con-
cluded, IEEE 802.11 Working Group (WG) [13] has been
established for the development of the next-generation Wi-
Fi standard named as IEEE 802.11be or Wi-Fi 7. Compared
with IEEE 802.11ax [14] that focused on the development of
the new DL/UL MU (OFDMA and MU-MIMO) mecha-
nisms to improve the spectrum efficiency, 802.11be spends
more efforts on the wider bandwidth operation to improve
the throughput and reduce latency, especially considering
the limitations from the regulations that prevent Wi-Fi
system from using more bandwidth. For example, according
to the FCC [15], the current bandwidth on the 6GHz band
for Wi-Fi system is up to 320MHz. In addition, there are
other issues which may not enable wider bandwidth on
single band. According to the existing EDCA procedure [16]
of theWi-Fi system, the transmission opportunity (TXOP) is
initiated with the backoff procedure running on the primary
20MHz channel. (e channel is determined as busy if the
primary 20MHz subchannel is busy even if the rest of the
other 20MHz channels are idle. Further, the channel with
broad bandwidth is determined as busy if any of the 20MHz
channels within the operating bandwidth is busy. In other
words, the broader the operating bandwidth is, the less likely
the broad bandwidth of channel may be available for data
transmissions. Furthermore, the operation in a channel with
wider bandwidth consumes more power in a single band.
(e power consumption behavior is crucial for mobile
devices such as phones or tables. IEEE 802.11be has changed
the direction of pursing more bandwidth in a single band for
maximizing the spectrum utilization. (e task group has
defined a mechanism named multilink operation (MLO) to
explore the benefits of available bandwidth from multiple
bands.

Currently, the 802.11be standard is still under devel-
opment.(ere are noWi-Fi products following the 802.11be
specification available on the market. Most of the previous
studies focused on the performance of the traditional single-
linkWi-Fi systems.(e IEEE 802.11be task group’s technical
contributions [17–19] are the building blocks for MLO
operation. (e contribution in [17] introduces the basic
MLO architecture and necessary changes from the exiting
Wi-Fi system to the next-generation MLO-based Wi-Fi
systems. (e contribution in [18] discusses the potential

performance gain that can be obtained using the multiradio-
based MLO operation. (e contribution in [19] introduces
the concept of single-radio-based MLO operation and
provides initial performance results of single-radio-based
MLO system. In paper [20], the authors have studied the
impact of MLO operation on the existing 802.11 channel
access procedure and presented the throughput perfor-
mance of a multiradio-based MLO system, where the
multiradio system is assumed to support simultaneous
transmitting and receiving (STR) capability. In paper [21],
the authors have summarized the developing directions of
802.11 standard and discussed the benefits of both the single-
radio-based and multiradio-based MLO systems. To the best
of the authors’ knowledge, the studies on the newly intro-
duced MLO mechanism of 802.11be are still very limited.
(is contribution is to establish a system throughput model
for the existing EMLSRmechanism for performance analysis
and further propose the enhancement to improve the
existing EMLSR mechanism.

Section 2 reviews the basic MLO mechanisms including
multilink mutiradio (MLMR) mode and multilink single-
radio (MLSR) mode defined in the IEEE 802.11be draft
standard. (en, in Section 3, the existing EMLSR mode of
the IEEE 802.11be is introduced and the related issues/
problems are analyzed. In Section 4, a system throughput
model of existing EMLSR mechanism is given for perfor-
mance analysis. (e further enhanced EMLS mode opera-
tion is proposed in Section 5 and performance evaluation
based on NS3 simulator is shown to compare the enhanced
EMLSR mechanism with the existing one in Section 6. Fi-
nally, the conclusion of this contribution is drawn in the last
section.

2. 802.11BE Multilink Operation

Today, major AP vendors support the AP solutions with
dual-band/triband operation. In these APs, the Wi-Fi MAC
and PHY of multiple bands work almost independently and
provide multiple independent links to Wi-Fi STAs. As
shown in Figure 1, a dual-band APmay have both 5GHz and
6GHz enabled simultaneously. (e AP may establish BSS1
with 160MHz bandwidth on the 5GHz band and BSS2 with
320MHz bandwidth on the 6GHz band. Because these two
BSSs are operating independently and provide services to
different STAs, the 160MHz bandwidth on the 5GHz band
and the 320MHz bandwidth on the 6GHz band cannot be
combined to achieve the optimal wider bandwidth operation
of 160 + 320MHz.

In order to optimize the system spectrum utilization and
achieve better throughput performance, the IEEE 802.11be
has defined the MLO to support sending data frames
concurrently on multiple links. (e MLO allows the users to
enjoy the multilink benefits unavailable for a simple non-
contiguous wide spectrum on a single link, such as asyn-
chronous channel access and enhanced power save. As
shown in Figure 1, the MLO can aggregate a various number
of links of different widths, for example, 160MHz+ 40MHz.
(e 802.11be has introduced a concept of a multilink device
(MLD) [22] as illustrated on the right side of Figure 1 which
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consists of multiple AP/STAs but with a single interface to
the upper layer. �e upper layer protocol takes the MLD as a
single Wi-Fi device. Despite having multiple PHY/MAC
interfaces, MLD has a single MAC address and uses this
MAC address as its own identity. �e sequence number
space is shared by the AP/STAs within the same MLD. �e
MLO simpli�es the procedures for frame fragmentations
and frame reassembly, duplication detection, and dynamic
link switching. It enables frame transmission and retrans-
mission on any link regardless of the link of the initial
transmission of the frame.

�e IEEE 802.11be group has designed a new association
procedure that allows AP MLD and STA MLD to establish a
connection on any supported link [23].�e capabilities of all
the links can be exchanged in any enabled link as well.
802.11be also enables two types of acknowledgment modes,
referred to as restricted and dynamic link switch. In the
restricted mode, data frames and ACKs are bound to one
link [24]. Management exchanges transmitted over one link,
such as relation to power save mode, security key negoti-
ation, and Block ACK (BA) negotiation, apply only to this
link. It is a simple scheme of multiple independent links with
enabled aggregation. In the dynamic link switch mode,
multiple links can be used for transmission of the same �ow.
Management information and negotiations sent over one
link can apply to other links. �is mode enables load bal-
ancing and congestion avoidance. It also improves peak
throughput and reduces latency, overhead, and power
consumption.

According theMLD types, there are di�erent �avors [25]
of MLO speci�ed in the IEEE 802.11be draft standard. �e
MLD types are de�ned based on the capabilities of the MLD.
If an MLD implements multiple radios and uses these
multiple radios concurrently for the MLO, then these de-
vices are de�ned as multilink multiradio (MLMR) MLD. If
an MLD only implements single radio and still wants to
operate multiple links, then these devices are calledmultilink
single-radio (MLSR) MLD. After an MLSR STA MLD as-
sociates with AP MLD, it may establish MLO with the AP
MLD. However, due to the limitation of having only one
radio, the MLSR STA MLD cannot use multiple links

concurrently.�e single radio needs to switch back and forth
between multiple bands in a time domain multiplex (TDM)
fashion. Normally the band switch operations of a single
radio require both time and extra signaling. �erefore, the
MLSR operation only allows an MLSR STA MLD to switch
the band in a static fashion; that is, the MLSR STAMLDmay
have to park the radio on one band for several minutes
�nishing a data transmission session and then switch to
another band. To provide more �exibility, the IEEE 802.11be
draft spec has de�ned an Enhanced Multilink Single-Radio
(EMLSR) operation [26] to enable an MLSR MLD to dy-
namically switch band to improve both throughput and
latency performance. �e EMLSR provides �exibility for an
EMLSR MLD STA to switch dynamically between bands to
improve the opportunities to obtain a TXOP.Wewill discuss
the details of EMLSR from the next section.

3. EMLSR Operation and Related Issues

Most of the MLSR STAs implement either a con�gurable
radio that has the �exibility of switching between two 1 × 1
radios and one 2 × 2 radio or a scan radio in addition to the
main radio to support the EMLSR operation. An example of
using scan radio to support EMLSR operation is shown in
Figure 2. Using the other architecture of con�gurable radio
has a similar issue, so we skip it here to save some text. When
an AP MLD intends to conduct EMLSR operation with an
EMLSR STA MLD, each AP within the AP MLD tries to
access the corresponding band/channel by running EDCA
function independently. In this example, AP1 of the AP
MLD is operating on the 6GHz band and AP2 is operating
on the 5GHz band. If the EDCA function completes the
backo� procedure, the corresponding AP starts frame ex-
change procedure by sending Initial Control Frame (ICF).

In this example, AP1 on the 6GHz band completes
backo� �rst, so AP1 sends an MU-RTS [27] frame to start
EMLSR operation.MU-RTS is one of the ICF types.�e STA
MLD, in order to operate under the EMLSR mode, con-
�gures scan radio (STA1) on the 6GHz band andmain radio
(STA2) on the 5GHz band. When AP1 on the 6GHz band
sends out MU-RTS, the scan radio receives theMU-RTS and
understands the following Downlink (DL) data transmission
which will be carried out on the 6GHz band. �e scan radio
has limited functionality and is not capable of receiving data
frames with highMCS or NSS (e.g., aboveMCS4 or NSS� 2).
�erefore, the main radio that stays on the 5GHz band
needs to be tuned to the 6GHz band. �e tuning procedure
that involves a number of PHY/MAC operations (e.g., PLL
settling, register con�guration, etc.) consumes nonnegligible
time. According to the IEEE 802.11be spec, the band
switching time ranges from 16 μs to 256 μs depending on the
implementation.

To accommodate this band switching delay and let the
STA MLD be able to respond within the SIFS (16mu s), it is
de�ned that the MAC padding �eld is added to the ICF.
Di�erent from PHY padding or packet extension (PE) [28],
the MAC padding is a MAC frame �eld with speci�c pattern
and is added before the Frame Check Sequence (FCS).When
the scan radio is in the process of receiving the ICF, it
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identi�es the MAC padding �eld by matching the special
pattern and starts the band switching operation before the
FCS validation is conducted; that is, once the start of the
MAC padding �eld is identi�ed, the scan radio indicates the
main radio to start the band switch procedure and the scan
radio stays on the same band to complete the reception of the
ICF. During this process, the scan radio performs CFO
correction and other PHY related tasks and passes the
obtained information to the main radio so that the main
radio can get prepared to send out Trigger Based (TB) PPDU
as the response. �e STA when sending a TB PPDU as a
response has a requirement that is more stringent than the
requirement for the same STA sending out a regular Single
User (SU) PPDU. It is because when an STA sends out a TB
PPDU, other STAs at the same time might be triggered to
send out TB PPDUs as well.

For the AP to be able to correctly decode frames in the
TB PPDUs from multiple STAs, the TB PPDUs from
multiple STAs are required to meet both timing and power
accuracy requirements [29].While the PHY of the scan radio
is performing the above operations, the MAC of the scan
radio reads the band switching information in the ICF as-
suming that the FCS check will pass later, as well as passing
this information to main radio so that the main radio can
start band switching operation. During the association
procedure, the STA MLD indicates its required switching
time, so when AP MLD sends out the ICF, MAC padding
�eld with su¦cient length is added to the ICF. When the
scan radio in the process of the ICF reception, at the end of
MAC frame, performs FCS check, if the FCS passes, then the
scan radio indicates to the main radio that FCS is successful
and the main radio may send out the response frame (e.g., a
Clear to Send (CTS) or Bu�er Status Report (BSR) frame)
after SIFS. Otherwise, if the FCS check fails, then the scan
radio shall indicate to the main radio to revoke the band
switch operation.

Compared with other MLO options, the EMLSR has its
advantages. Firstly, compared with the true MLMR MLO
options, STAMLDwith EMLSR does not need to implement
multiple radios, so it is more cost and power consumption
e¦cient, while it still allows end user to have the MLO
operation with low-cost implementation; that is, during the
EDCA procedure, both AP and STA have the �exibility of
exploring multiple bands. Secondly, relative to the single-
radio option, EMLSR does not compromise the capability of
fast switching between multiple bands and achieves better
system performance than MLSR.

As described in the above paragraphs, the EMLSR is a
promising feature for the next-generation Wi-Fi systems.
However, there are several issues that need to be solved to
optimize the system performance. First, there is an issue
caused by the bandwidth con�guration of the 6GHz and the
5GHz BSS operation. According to the channelization [30],
the 6GHz band is cleaner and allows 320MHz BSS oper-
ation. However, it is only allowed to operate a BSS up to
160MHz in the 5GHz band. In most of scenarios, it is really
challenging to secure a 160MHz PPDU transmission in the
5GHz band due to the legacy Wi-Fi systems coexisting on
the 5GHz band. When an AP or an STA on the 5GHz band
intends to transmit a 160MHz PPDU, it needs to complete
the EDCA procedure on the whole 160MHz channel, which
means an STA needs to complete the backo� procedure on
the primary 20MHz channel and pass the ED check on the
secondary 20MHz, 40MHz, and 80MHz channels to �nally
be able to initiate the transmission. However, due to the
legacy Wi-Fi systems that are already deployed, if any of the
secondary channels within the 160MHz channel is occupied
by other 802.11be BSSs or a legacy BSS, the PPDU trans-
mission is not allowed to be started. �erefore, in the
crowded 5GHz band, it is very unlikely that an AP or an STA
can transmit 160MHz PPDU in most of the typical Wi-Fi
operation scenarios. As shown in Figure 3, when an APMLD
performs EMLSR operations on the 5GHz and 6GHz bands,
each AP associated with the AP MLD runs EDCA operation
on the 5GHz and 6GHz bands independently. Let us assume
that both the 5GHz and 6GHz bands are equally busy and
OBSSs only exist on the primary channels. �en the chance
for an AP or an STA to be able to acquire the channel is
almost the same. In other words, if the EDCA function is
conducted independently, then the backo� on either band
may be completed and the possibility of that is almost the
same for either band. Now, as mentioned early, the 6GHz is
running on 320MHz, while the 5GHz can only run on
160MHz or even 80MHz. An EMLSR STAmay end up with
using the 6GHz or the 5GHz band with equal probability
and switching back and forth between transmitting PPDUs
with 320MHz on 6GHz and PPDU with 160MHz or
80MHz. Compared with an STA that does not support
EMLSR and only operates on 6GHz band, an EMLSR STA
may have even worse performance due to the transmission
spent on the narrow channel on the 5GHz band.

Second, there is another issue caused by the bandwidth
con�guration di�erence between AP MLD and STA MLD.
As shown in Figure 4, the spectrum regulation already allows
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Figure 2: EMLSR operation frame sequence.
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320MHz operation in the 6GHz band and 160MHz op-
eration in the 5GHz band. So today almost all the AP
implementation processes support 320MHz BSS operation
on the 6GHz band and 160MHz BSS operation on the
5GHz band. On the other hand, due to the cost and power
consumption consideration, most STA implementation
processes support only 80MHz in the 5GHz band and
160MHz in the 6GHz band. It is because, according to the
IEEE 802.11 speci�cation, 80MHz is mandatory for STA on
the 5GHz band and 160MHz is mandatory for STA on the
6GHz band. As shown in Figure 4, on the 6GHz band, when
an AP or an AP MLD has established an 320MHz BSS, all
the associated STAs need to stay on the primary channels.
Only if the STAs are capable of 320MHz operation, half of
the bandwidth of the 320MHz BSS will be wasted. Although
EMLSR is a promising mechanism to improve the perfor-
mance for the next-generationWi-Fi systems, in reality there
is a lack of the capabilities to utilize the secondary channels.

4. System Modeling

Let us assume that both APMLD and STAMLD support the
multilink operation MLO with only two enabled links. �e
concept can be extended to the multilink operation MLO
with more than two links, where p1 is the probability that
link 1 is busy and p2 is the probability that link 2 is busy.
According to IEEE 802.11 speci�cation, the Clear Channel
Assessment (CCA) mechanism [1] is used to decide whether
a channel is busy. On the primary 20MHz channel of the

system operating channels, the CCA checks the incoming
energy by running Energy Detection (ED) and detects the
incoming 802.11 packet by running Packet Detection (PD).
On the other hand, on the secondary 20MHz channels of the
system operating channels, only ED is performed.�erefore,
the probability that a primary 20MHz channel is busy and
the probability that a secondary 20MHz channel is busy
could be slightly di�erent. In this paper, to simplify the
analysis without loss of generality, we consider that the
probability of a busy 20MHz channel is assumed to be the
same regardless of whether it is for the primary or secondary
20MHz channels. Hereafter, we use p to represent the
probability that a 20MHz channel is busy. �en, the
probability that link 1 is busy is expressed as follows:

p1 � 1 − (1 − p)m, (1)

where m is number of 20MHz channels of the system
operating channels of link 1. If link 1 is operating on the
6GHz band, the value of m is equal to 12 which enables
320MHz operation. Similarly, the probability that link 2 is
busy can be expressed as follows:

p2 � 1 − (1 − p)n, (2)

where n is number of 20MHz channels of the system op-
erating channels of link 2. If link 2 is operating on the 5GHz
band, the value of n is equal to 6 which enables 160MHz
operation.
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Now the maximum throughput c1 that can be obtained
on link 1 and the maximum throughput c2 that can be
obtained on link 2 can be calculated based on Shannon
capacity. c1 can be expressed as follows:

c1 � 20m106log2(1 + SINR), (3)

and c2 can be expressed as follows:

c2 � 20m106log2(1 + SINR). (4)

(e total maximum throughput of an MLMR system
then can be expressed as follows:

TMLMR � 1 − p1( c1 + 1 − p2( c2. (5)

By substituting p1, p2, c2, c2 in equation (5) with the
results of equations (1)–(4), the maximum system
throughput of an MLMR system with two enabled links can
be derived as follows:

TMLMR � 20 m(1 − p)
m

+ n 1 − p
n

( ( 106log2(1 + SINR).

(6)

For an EMLSR system, there is only one radio available
for frame transmissions. (erefore, link 1 can be used for
transmission under one of two conditions. (e first con-
dition is that link 1 is not busy while link 2 is busy. (e
second condition is that both links are not busy, and then we
can assume that both links can be used for transmission with
the same probability. Transmission on link 2 follows similar
conditions. (e maximum system throughput for the
EMLSR system with two enabled links can be expressed as
follows:

TEMLMR � 1 − p1( p2c1 + 1 − p2( p1c2

+
1 − p1(  1 − p2(  c1 + c2( 

2
.

(7)

Following the same way of deriving the maximum
throughput of MLMR system in equation (7), the maximum
system throughput of the EMLSR system can be expressed as
follows:

TEMLMR � 20
(1 − p)

m 1 − (1 − p)
n

( m +(1 − p)
n 1 − (1 − p)

m
( n +(1 − p)

m
(1 − p)

n
(m + n)

2
 

· 106log2(1 + SINR).

(8)

5. Further Enhanced EMSLR Operation

(e followingmechanism is proposed to further improve the
EMLSR performance. (e mechanism can be divided into
two parts. In the first part, an enhanced protocol is proposed
to solve the AP STA unbalanced bandwidth issue, and, in the
second part, a link selection mechanism is proposed to solve
the band unbalanced bandwidth issue.

As shown in Figure 5, we define the primary link (PL)
and the secondary link (SL) for the EMLSR operation. (e
PL is the Link/Band where the AP STA unbalance issue
occurs, and the SL is the Link/Band where AP STA un-
balance issue does not exist. In this example, 6GHz is de-
fined as the PL where AP MLD on the 6GHz band is
operating on 320MHz, while the STA MLD on the same
band is operating on 160MHz. In the other Link/Band (e.g.,
5GHz), both the AP MLD and the STA MLD are operating
on 80MHz. In this proposal, it is assumed that only one PL
and one or more SLs are allowed. (e reason is that, in a
practical deployment, no AP MLD could support more than
one 320MHz link due to cost considerations.

When an STA MLD is under the procedure to associate
with the APMLD, APMLD and STAMLD need to exchange
per-band capabilities, for example, Operating Bandwidth
Capabilities and MCSs. If the STA MLD figures out that, on

the 6GHz band, its own bandwidth capability is smaller than
that of AP MLD on the same band, the STA MLD deter-
mines this link as the PL and conveys this information to the
APMLD. Other links are determined as SLs.(en STAMLD
tunes the scan radio to one of the SLs and tunes the main
radio to the PL. (is example illustrates only the case in
which STA MLD supports one PL and one SL. But the
protocol can be extended to support the case of multiple SLs.

(e two following scenarios are evaluated, respectively:
(a) APMLD completes the backoff procedure on the SL first;
(b) APMLD completes the backoff procedure on the PL first.
Under scenario (a) where the backoff procedure is com-
pleted firstly on the SL, AP2 in the AP MLD sends out the
MU-RTS with non-HT DUP PPDU of 80MHz bandwidth
on the 5GHz band. Because both AP2 in the AP MLD and
STA2 in the STA MLD are operating on 80MHz, there is no
need to explore the secondary channels. (e main radio on
STA2 of the STA MLD after receiving the MU-RTS from
AP2 stays on the 5GHz band and responds with a CTS after
SIFS. AP2 after receiving CTS continues sending DL QoS
Data to STA2. STA2 after receiving the DL QoS Data sends
BlockAck back to AP2 to complete the current TXOP. Under
scenario (b) where the backoff procedure is completed on
the PL firstly, AP1 in the AP MLD sends out the MU-RTS in
the same PHY PPDU format but with 320MHz bandwidth
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on the 6GHz band. STA1, di�erent from STA2 in scenario
(a), operates only on 160MHz bandwidth, and, instead of
the main radio, it is the scan radio that receives theMU-RTS.

Although the scan radio of STA1 is operating on
160MHz while the MU-RTS is coming in with 320MHz
bandwidth, because the MU-RTS is sent out using the non-
HT DUP PPDU format, the same information is repeated
per 20MHz channel so that the scan radio that operates on
the partial bandwidth of full BSS bandwidth can still suc-
cessfully receive the MU-RTS. When the scan radio is in the
process of receiving the MU-RTS, following the regular
EMLSR protocol, the scan radio detects the MAC padding
�eld of the MU-RTS by matching the special pattern of the
MAC padding �eld. Once theMAC padding �eld is detected,
the scan radio indicates to the main radio who is staying on
the SL to start the procedure of tuning to the secondary
160MHz channel of the PL. During the reception of the
MU-RTS, the scan radio collects PHY related information
and passes this information to the main radio so that it can
get ready to send CTS back to AP1 SIFS after the reception of

the MU-RTS. �e CTS is sent back using the non-HT DUP
PPDU with 160MHz bandwidth on the secondary 160MHz
channel of the 320MHz BSS. Once the CTS is received, AP1
sends out QoS Data on the secondary 160MHz channel of
the 320MHz BSS, and a BlockAck frame is sent out by STA1
after the QoS Data is successfully received to complete the
current TXOP.

In general, the principle of the link selection algorithm is
to prioritize the maximization of the broader bandwidth
utilization.�e SL will be used only when the PL is busy with
its own transmission or occupied by transmissions from
other STAs. �en the maximum system throughput of the
enhanced EMLSR system with two enabled links can be
expressed as follows:

TEEMLMR � 1 − p1( )c1 + p1 1 − p2( )c2, (9)

and, following the same way through which equation (8)
is derived, the maximum throughput of the enhanced
EMLSR system can be expressed as follows:

TEEMLMR � 20 (1 − p)mm( ) + (1 − p)n 1 − (1 − p)m( )n( ) · 106log2(1 + SINR), (10)

where p1 is the possibility that the PL is busy and p2 is the
possibility that the SL is busy. ρ1 is the PHY supported data
rate for certain MCS when rate selection is enabled. ρ2 is the
corresponding PHY data rate of the SL. T is the instanta-
neous throughput given the busy possibility and selected
MCSs. As mentioned earlier in the section, SL will be used
only when PL is busy with its own transmission or occupied
by transmissions from other STAs. �en the throughput
upper bond can be de�ned as follows:

T � 1 − p1( )ρ1 + p1 1 − p2( )ρ2. (11)

In a real Wi-Fi system, the accurate ratio for a certain
link to be busy is unknown. We can only estimate it based
on the historical usage of certain channel. It requires long

duration of sampling period to have accurate estimation,
which is not suitable for TXOP-based EMLSR operation. In
this paper, we propose the following link selection algo-
rithm that is based on the cross-link signaling between PL
and SL. Because EDCA function is running on both the PL
and the SL, each of the PL and SL shall maintain its own
backo� counters and NAV independently. We assume that
there is a tunnel between the PL and SL so that the PL and
SL can exchange their NAV information and backo�
counter information at each slot boundary. Again, let us
start with the two scenarios as we did in the previous
section. But, this time, we will start with scenario (b), which
is the scenario in which the PL �nishes the backo� pro-
cedure �rstly. Recall that the principle of the link selection

AP1

STA1

AP2

STA2

Primary 160MHz channel@6GHz

Primary Link/Band

Secondary Link/Band

SIFS

MU-RTS
QoS Data

CTS BA

SIFS SIFSSIFS

Secondary 160MHz channel@6GHz

Primary 160MHz channel@6GHz
Secondary 160MHz channel@6GHz

Primary 160MHz channel@5GHz

Primary 80MHz channel@5GHz

Scan radio

Main radio

Figure 5: EMLSR optimization protocol.
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algorithm is to maximize the use of the PL. So when PL
�nishes the backo� earlier, it will move forward to start the
frame transmission without checking the NAV and backo�
counter information on the SL. �e EDCA function on the
PL is exactly the same as that of a non-MLO operation. On
the other hand, in scenario (a), which is the scenario in
which the SL completes the backo� procedure �rstly, as
shown in Figure 6, at the boundary of the slot, SL checks the
NAV of the PL through a special tunnel. If either the
physical CS or the NAV on the PL indicates that the PL is
busy, then the SL link can move forward to start the frame
transmission. Otherwise, if both the physical CS and the
NAV on the PL indicate that the PL is idle, then the PL is
either in the idle state or in the process of the EDCA. Now
the SL needs to compare the remaining backo� counter
number with a prede�ned threshold. If the number is
bigger than the threshold, meaning that the PL is far away
from completing the backo� procedure, then the SL can
move forward to start the frame transmission. On the other
hand, if the remaining backo� number is smaller than the
threshold, the SL shall redraw a new backo� counter
number using the same AC [26] and restart the backo�
process so that the TXOP can be given to the PL. �e value
of the threshold depends on the network deployment and
can be optimized according to the channel status on both
PL and SL.

6. Performance Evaluation

�e performance of further enhanced EMLSR is evaluated
based on the NS3 simulator [32] with following assump-
tions. �e simulation scenario is shown in Figure 7. It is a
single �oor apartment build scenario with each apartment
with the size of 10m× 10m. In each apartment, there is one
APMLD con�gured and two STAMLDs associated with the
AP MLD. �e penetration loss of the wall between each
apartment is 5 dB. After the association, AP MLDs start DL
SU type of transmissions with their associated STAMLDs in
a round robin fashion.�ere are no DLMU transmissions or
UL transmissions con�gured in any of the apartments. All
the STAMLDs are con�gured with stationary positions with
no mobility. Both AP MLD and STA MLD support 5GHz
and 6GHz EMLSR operations.�e APMLDs are con�gured
to use two TX/RX antennas on both the 5GHz and 6GHz
bands.�e STAMLDs are con�gured to use only one TX/RX
antenna under the EMLSR mode. HE MCS0 to MCS11 are
enabled. Depending on the con�guration, the rate selection
is enabled/disabled. EDCA with default parameters per each
tra¦c class is used. For operating channels, on 5GHz, a
random channel with 80MHz bandwidth is selected, and, on
6GHz, a random channel with 160MHz bandwidth is se-
lected. We only enabled AMPDU aggregate with 64 BA
window. �ere is no AMSDU aggregation. �ere is no
regular RTS con�gured. Only MU-RTS is enabled to start
the EMLSR operation sequence. Each AP MLD is inde-
pendently managed.

Table 1 summarizes the channel model and path loss con-
�gurations, where PL(d) � 40.05 + 20 × log 10 (fc/2.4) �,

20 × log 10(min(d, 5)) + (d> 5) × 35 × log(d/5) + 18.3
×F(F+2)/(F+1)− 0.46 + 5W, where d � max(3Ddistance[m], 1),
fc is frequency with unit GHz, F denotes number of
�oors traversed, and W denotes the number of walls
traversed in x-direction plus number of walls traversed in
y-direction.

We turn on the BSS in the �rst apartment and turn o�
the rest of the BSSs in the �rst set of experiment; that is, there
are no OBSSs. Rate selection is turned o� as well. As shown
in Figure 8, the x-axis shows the MCSs variation and the y-
axis shows the throughput of original EMLSR and our
proposed enhanced EMLSR of the BSS under test. It is
demonstrated that enhanced EMLSR provides better
throughput performance on all the MCSs. With MCS0,
which is the base rate for all the management frame and
control frame transmission, the proposed enhanced EMLSR
provides 30Mbpsmore throughput on top of 26Mbps that is
achieved on the original EMLSR operation. Almost 100%
throughput gain is achieved. With MCS11, we have similar
observations. �e throughput gain here comes from the
capabilities of the enhanced EMLSR that can utilize the
secondary channel of the broader bandwidth, while the
original EMLSR can only utilize the primary 80MHz
channels.

Floor layout

10m

10m

Figure 7: Simulation scenario.

Start frame transmission
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No
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Figure 6: EMLSR link selection algorithm.
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�e performance is also evaluated in a scenario in which
all BSSs are turned on. and, on top of that, one AP and one
STA BSS in each apartment are added. �e one BSS added
will create OBSS tra¦c for each of the BSSs in the apartment.
All the OBSSs added only run DL SU tra¦c and a global
knob is implemented which can control ratio of the OBSS
tra¦c against my BSS tra¦c. Assuming the same radio of
OBSS tra¦c on both PL and SL, as shown in Figure 9, the x-
axis shows the ratio of tra¦c of OBSS against that of my BSS
and the same ratio applies to both PL and SL. With in-
creasing of the OBSS tra¦c load, the average BSS throughput
is decreased. However, the proposed further enhanced
EMLSR still outperforms the original EMLSR. With the
OBSS tra¦c load increased to 80%, as shown in Figure 10,
the average BSS throughput using original EMLSR is
70Mbps, while with the further enhanced EMLSR the av-
erage BSS throughput is increased to 120Mbps. So, under
heavy OBSS load on both PL and SL, the further enhanced
EMLSR achieves 70% throughput gain.

Let us then look at amore practical scenario where the SL
(5GHz) is busier than the PL (6GHz). Because the 6GHz
band has been recently opened by the regulation bodies,
there are not many deployments on the 6GHz band yet. �e
5GHz band, on the other hand, supports legacy Wi-Fi BSS

down to 802.11ac or 802.11n. So, it is a reasonable as-
sumption that the SL is busier than the PL in the real-world
deployment. For simulation studies, the OBSS load on the
PL stays the same at 20% and the OBSS load on the SL
increases from 20% all the way up to 80%. Again, with
increased OBSS tra¦c load, the average throughput per-
formance is decreased. However, with the further enhanced
EMLSR being adopted, the average BSS throughput is still
better than that of the original EMLSR. Under the heavy BSS
load of 80% on the SL, the original EMLSR provides
200Mbps throughput, while the throughput of the further
enhanced EMLSR reaches 300MHz. �e 50% throughput
gain is achieved by adopting the further enhanced EMLSR.
�e main contribution of the throughput performance gain
comes from the �exibility of the enhanced EMLSR. It dis-
tributedmore TXOPs on the PL that is less busy tham the SL,
and the bandwidth of the PL is broader than that of SL. It is
interesting to observe that the original EMLSR has worse
performance than the baseline SLSR system under heavy
OBSS load on the SL. �is is because the original EMLSR
may try to use the smaller bandwidth of the 5GHz band
when the EDCA is completed on the 5GHz band. But it is
more e¦cient for the SLSR system to wait a bit long on the
6GHz band to obtain a TXOP with bigger bandwidth.

Table 1: Channel model and path loss con�gurations.

Fading model TGac channel D NLOS for all the links
Path loss model PL(d)
Shadowing Log-normal with 5 dB standard deviation, i.i.d. across all links
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Figure 8: �roughput performance without OBSSs.

Security and Communication Networks 9



7. Conclusion

�e MLO is a new mechanism de�ned in the IEEE 802.11
draft speci�cation. With the help of MLO, APs and STAs
will be provided with the capabilities to transmit and re-
ceive data from the same tra¦c �ow over multiple radio
interfaces. �e EMLSR is an enhanced feature of MLO
enabling dynamic switching between multiple bands with
low-cost implementation and e¦cient power consumption.
In this paper, we proposed the further enhanced EMLSR
with a new MAC protocol and link selection mechanism,
where a primary link (PL) is selected between AP STA with
the unbalanced Link/Band and one or multiple secondary
links (SLs) with balanced Link/Band. �e STA tunes the
main radio on the PL and the scan radio to one of the SLs.
�e PL will be more prioritized than the SL based on the
link selection algorithm to maximize the channel utiliza-
tion. Compared with the legacy EMLSR, the further

enhanced EMLSR can improve the utilization of the sec-
ondary channel. Even under heavy OBSS load on SL or both
PL and SL, the enhanced EMLSR can achieve 50% to 70%
throughput gain.
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