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Abstract—The latest standard of IEEE 802.11 WLANs embraces multi-user (MU) transmission via OFDMA, MU-MIMO or
a mixture of both. However, due to the frame-basis transmission
of WLANs, all concurrent user frames must have an identical
transmission duration so as to fit in a common MU frame,
which requires shorter frames padded with dummy bits, thus
reducing transmission efficiency. Since stations are likely to have
heterogeneous traffic demands and transmission bit rates in real
networks, such inefficiency arises as a practical problem. To
address this challenge, first we analyze how different overhead
components impact the efficiency of MU transmission. Then, we
propose a scheme to construct an MU frame with an optimal
length maximizing its transmission efficiency, which provides a
unified framework for OFDMA and MU-MIMO in both downlink and uplink. Through simulation, we demonstrate that the
proposed scheme integrated with various scheduling algorithms
reduces transmission delay and enhances traffic delivery ratio
considerably compared to basic approaches.
Index Terms—WLANs, IEEE 802.11, multi-user transmission,
OFDMA, MU-MIMO, frame construction

I. I NTRODUCTION
Multi-user (MU) transmission technology such as orthogonal frequency-division multiple access (OFDMA) and multiuser multiple-input and multiple-output (MU-MIMO) enables
concurrent transmission of multiple user frames from a single
transmitter to a group of receivers (for downlink) and vice
versa (for uplink) to achieve higher transmission efficiency
and statistical multiplexing gains. Owing to such advantages,
MU transmission has been adopted by many de facto wireless
communication systems. In particular, the latest wireless LAN
(WLAN) standard IEEE 802.11ax [1] supports MU transmission based on OFDMA, MU-MIMO or a mixture of both.
The access point (AP) of IEEE 802.11ax can transmit up to 9
subcarrier groups in a 20MHz channel and 8 concurrent spatial
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streams allocated to individual stations, thus achieving a high
degree of multi-user multiplexing.
However, the advantages of MU transmission is not always
achievable in WLANs due to frame-basis transmission.1 In
WLANs, an MU frame is constructed such that all multiplexed
user frames have an identical transmission duration, thus fitting
in the common frame. Therefore, if the airtime required to
transmit a user frame is shorter than those of the others,
the frame pads dummy bits, called padding bits, at the tail
until it has the same transmission duration as the others,
thus degrading transmission efficiency. As we show through
simulation in the performance evaluation section (Section VII),
the impact of the padding overhead of an MU frame on
performance is considerable. We note that the problem is
common and serious in practical network environments that
stations have heterogeneous traffic demands and transmission
bit rates in general. Therefore, it should be considered as an
important design factor of MU transmission in WLANs.
Despite the importance of MU frame construction, the problem has not been explored much in the literature. Scheduler
designs for MU transmission focus on user selection only [2]–
[8], align all multiplexed user frames to the shortest one [9]
[10] or to the average [11] (which we classify into Min-aligned
and Avg-aligned schemes, respectively), or allow as much data
as possible to be conveyed by a user frame, i.e., align to
the longest user frame [12] (which we call a Max-aligned
scheme). Our evaluation shows that such simple methods fail
to perform best in all network conditions because the problem
is not straightforward; shortening the length of an MU frame
will reduce padding bits, but at the expense of less data to
be conveyed and a higher ratio of other overhead (preamble,
header, etc.). There has also been an approach to pad other
stations’ data instead of dummy bits [13] [14], which, however,
requires standard modification and increases the complexity of
both transmission and reception processes.
In this paper, we propose a new data frame construction
scheme for MU transmission in IEEE 802.11 WLANs. The
proposed scheme finds the length of an MU frame to maximize
its transmission efficiency (the amount of data conveyed by
a frame in unit time), taking into account the status of
buffers and transmission bit rates of stations. To this end, first
we analyze how different overhead components impact the
efficiency of MU transmission. Then, we formulate the MU
frame construction problem as an optimization problem and
show its N P-completeness. The proposed scheme is designed
1 This issue is unique in MU transmission of WLANs due to a varying
frame length.
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to find a suboptimal solution of the problem via decomposition
and construct an MU frame accordingly as a unified framework
of MU frame construction for OFDMA and MU-MIMO in
both downlink (DL) and uplink (UL) transmission directions.
The scheme is combined with a general scheduling algorithm
that allocates radio resources to a set of stations for each
frame transmission based on the algorithm-specific objective;
the decision is then passed to the scheme and the final frame
is constructed.
Through simulation, we evaluate the proposed scheme
in comparison with basic schemes—Min, Avg and Maxaligned—when integrated with three scheduling algorithms
(round-robin, proportional fair and queue length-weighted
scheduling) and demonstrate that it reduces transmission delay
by up to 78% (single BSS case) and improves traffic delivery
ratio by up to 107% (overlapping BSSs case).
The rest of this paper is organized as follows. Section II
reviews related work and Section III explains MU transmission
in IEEE 802.11ax WLANs. Section IV illustrates how data
frame construction affects transmission efficiency in twostation case. The system model under consideration is given
in Section V and the details of the proposed scheme is
described in Section VI. Section VII shows simulation results
for performance evaluation and Section VIII concludes the
paper.
II. R ELATED W ORK
Unlike the conventional single-user transmission, the performance of MU transmission highly depends on how users and
radio resources are scheduled. Thus a rich body of work has
tackled the scheduling problem, mostly for MU-MIMO. User
selection was developed in various aspects; via distributed
feedback contention [3], with no use of channel state information to avoid bandwidth overhead [15] [16], for large-scale
DL MU-MIMO [5], considering interference between users
[17] and interference of neighbouring APs additionally [8],
and jointly determining the time interval of channel sounding [7]. AP-station association was also considered together,
taking channel correlation between stations into account [2]
and via an auction-based approach [18]. Scheduler designs
were proposed for fairness with minimum loss of throughput
[4]; implementing a scheduler in an approximating greedy
algorithm was also proposed to have low complexity [19]. A
few research considered OFDMA; Bankov et al. [6] claimed
that existing schedulers are inefficient for UL OFDMA and
proposed a new one. The above proposals, however, focused
on user set selection and resource allocation only, and did not
consider the details of frame construction.
Some work on scheduling considered MU frame construction. Nomura et al. [9] proposed to limit the size of user
frames to be multiplexed to enhance throughput and lower
frame errors in DL MU-MIMO, thus corresponding to Minaligned. A simple scheduling scheme combined with Minaligned prioritizing the stations with longer backlogged queues
was proposed in [10]. Another proposal was to align the
lengths of user frames to their average [11], which is Avgaligned. Max-aligned was also considered in scheduling with
consideration of correlation metrics between stations [12].
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There has been a notable research work focusing on the
padding problem of DL MU-MIMO. Lin et al. proposed
to replace padding bits of a station’s frame with data of
other stations, thus increasing the transmission efficiency of
an MU frame [13] [14]. However, this approach requires a
considerable modification of the standards to allow multiple
destinations within a spatial stream or equivalently changing
a set of multiplexed user frames and accompanied modulation
and coding schemes in the middle of an MU frame. Such a
modification also increases complexity in both transmission
and reception processes.
There have been some research works on multi-user transmission in IEEE 802.11ax WLANs. A simulation platform
to evaluate the features including multi-user transmission
(OFDMA and MU-MIMO) along with non-continuous channel bonding and link adaptation was designed and implemented [20]. Analytical models of random access for UL
OFDMA were developed in [21] and [22] to find the impact of
various configuration parameters on system efficiency. Hoefel
et al. [23] proposed to use uplink power control to mitigate
the adverse effects of in-phase and quadrature imbalances in
UL MU-MIMO of 802.11ax.
Some studies focused on the design of MAC-layer procedures for MU-MIMO. The key requirements of a MAC design
were provided in [24]. Various MAC designs were proposed
for a new backoff procedure [25], for a fair MAC protocol
[26], and to solve hidden terminal problems using precoding
vectors from zeroforcing [27]. A distributed MAC protocol
that achieves both multiplexing and receive diversity gains was
proposed in [28]. An AP-controlled MAC with differentiation
of traffic classes was developed [29]. TXOP sharing was also
enhanced [30].
There have also been many studies to evaluate and model
the performance of MU-MIMO in WLANs. Comparisons
of various transmission methods including SISO and MUMIMO [31] and different precoding types [32] were made.
Redieteab et al. [33] modelled both PHY and MAC operation
of MU-MIMO for evaluation, thus obtaining more accurate
performance values. Testbed experiments of MU-MIMO with
commercial APs found that non-MU-MIMO stations suffer
in an MU-MIMO-activated WLAN [34]. Thanh et al. [35]
proposed a modified MAC layer control frame including those
for channel reservation and analyzed the performance using
Markov chains. Ma et al. [36] showed that there is an optimal
sounding interval for single-user transmit beamforming and
MU-MIMO. A closed-form expression of rate reduction due
to channel quantization error was derived [37].
There have been an increasing number of research works
on multi-user transmission in full-duplex (FD) WLANs. In
FD WLANs, a medium access control (MAC) protocol plays
an important role to maximize FD transmission opportunities
by finding a pair of STAs to be multiplexed within a FD
transmission. Many designs exploited the RTS/CTS exchange
mechanism to find such a pair having similar traffic demands
[38]–[41]. In order to find a STA pair with no inter-STA
interference, many designs let an AP to construct a map of
inter-STA interference from reported or overheard information
[39], [42]. In [43], distributed power control was considered
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Fig. 1. Frame format and exchange procedure of multi-user transmission in
IEEE 802.11ax WLANs

to manage inter-STA interference. Chen et al. [44] proposed
to use probabilistic access differentiation based on the level
of inter-STA interference. Multiplexing more STAs than two
within a FD transmission has also been studied. In [45],
each STA is assigned a subcarrier index and informed of a
UL grant based on it during an arbitration period, thereby
avoiding collision and maximizing FD opportunities in dense
AP environments. Lee et al. [46] proposed in-frame querying
to best utilize the airtime of a FD transmission by allowing
another STA to start a new UL transfer in the middle of a FD
frame once the transfer of an assigned STA finishes before the
end of the frame.
III. M ULTI -U SER T RANSMISSION AND I TS OVERHEAD IN
IEEE 802.11 AX WLAN S
For MU transmission in IEEE 802.11ax, an MU frame
is constructed to multiplex up to nine resource units (RUs),
each of which is a distinct group of contiguous subcarriers,
in a 20MHz channel or eight spatial streams (SSs) destined to individual stations (STAs). Fig. 1 illustrates the MU
transmission procedure of IEEE 802.11ax for four stations
(STAs), which is applied to both OFDMA and MU-MIMO
transmission. In the downlink (DL) case, upon the end of a
backoff procedure, a frame transmission starts with a preamble
in the beginning followed by a physical-layer (PHY) header.
Then, the physical layer convergence protocol service data unit
(PSDU), which is the aggregate MAC protocol data unit (AMPDU)2 with padding bits, is mapped to RU or SS by resource
allocation of an AP’s scheduler and transmitted at STA-specific
transmission bit rate. We call such a granularity of resource
allocation for MU transmission resource granularity (RG) in
common (corresponding to either RU or SS) in the paper.
Then, individual acknowledgement (ACK) transmissions of
receiving STAs follow in short interframe space (SIFS). In the
2 A-MPDU

is the concatenation of multiple MPDUs.

uplink (UL) case, a trigger frame is transmitted first by AP at
the end of a backoff procedure and the rest of the procedure,
which is almost same as DL’s, follows.
In the MU transmission, we consider any component except the transmission part of A-MPDU as the overhead that
reduces physical-layer transmission efficiency. We classify the
overhead into two types: protocol overhead and padding bits.
The protocol overhead results from the information needed to
exchange with the counterpart(s) of communication as defined
in the standard. As shown in Fig. 1, the protocol overhead is
the set of components except PSDU, which are transmitted at
the lowest transmission bit rate or one of the basic rate set
(BRS) and thus their airtime consumption is mostly fixed. We
denote the airtime consumption of the protocol overhead by
To , which is given below:

Tb + Tpre + Th + Tsif s + Tack
DL
To =
Tb + Ttr + Tsif s + Tpre + Th + Tsif s + Tack UL
(1)
where Tb , Tpre , Th , Tsif s , Tack and Ttr are the backoff,
airtimes of preamble, PHY header, SIFS, ACK and trigger
frames, respectively.
As shown in the figure, if there exist different amounts of
data to transmit to or from individual STAs and heterogeneous
transmission bit rates are used for them, which results in
different data transmission durations between them in the
frame, then gaps between these transmission durations are
filled with padding bits such that each PSDU (A-MPDU +
padding bits) occupies the same number of symbols, but at
the expense of the waste of airtime. As the amount of such
padding bits gets larger, the efficiency of MU transmission
decreases. In the real world, STAs have heterogeneous traffic
demands and transmission bit rates. Therefore, the inefficiency
due to padding bits is somewhat inevitable.
In order to minimize the impact of the protocol overhead
on transmission efficiency, we have to increase the length of
PSDU as long as possible so that the maximum amount of data
can be conveyed by the frame. To the contrary, to minimize
padding bits, we have to decrease the length of PSDU. That
is, there exists a trade-off in determining the length of PSDU
which impacts transmission efficiency and we focus on this
trade-off problem in the paper.
IV. F RAME C ONSTRUCTION AND T RANSMISSION
E FFICIENCY: I LLUSTRATION OF T WO -S TATION C ASE
In this section, we illustrate how data frame construction
impacts the efficiency of MU transmission in more detail via
the analysis of a simple two-station case.
Let li be the length of the A-MPDU addressed to or
transmitted by STA i in an MU data frame. Denote the
transmission bit rate for STA i by ri . Then, the transmission
duration of STA i’s A-MPDU is given as li /ri .
In the two-station case (with STAs 1 and 2), we assume that
the A-MPDU transmission duration of STA 2 is not shorter
than that of STA 1, i.e., l1 /r1 ≤ l2 /r2 , thus the A-MPDU
of STA 1 is padded with dummy bits such that its airtime is
aligned with l2 /r2 . Then, the throughput of the transmission,
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which we denote by G, is obtained as
l1 + l2
.
To + l2 /r2

(2)

l1 + l2
l1 − r2 To
r2 = r2 +
r2
l2 + r2 To
l2 + r2 To

(3)

G=
We rewrite it as
G=

where r2 To can be interpreted as the amount of the protocol
overhead in terms of bits.
Throughput G shows different trends for l2 depending on
the relationship between l1 and r2 To , which is classified into
the following two cases:
1) l1 ≤ r2 To : The second term of Eq. (3) is negative and
thus throughput is a monotonically increasing function
of l2 , which implies that l2 can be set to the maximum
data size available. The throughput, however, is always
lower than the transmission bit rate of STA 2. In this
case, the waste of radio resource consumed for the
protocol overhead is larger than the overhead of padding
bits. So, we better transmit as much data as possible at
once.
2) l1 > r2 To : The second term is now positive and
throughput is a monotonically decreasing function of l2 ,
thus maximized when l2 gets as small as possible. So,
the maximum throughput is achieved when l2 is set to
1 +r2 )
. In
l1 r2 /r1 (since l1 /r1 ≤ l2 /r2 ) and given as l1l1(r+r
1 To
this case, l1 is large enough to make up for the protocol
overhead. So, we better focus on limiting padding bits.
The backoff time is included in To which appears in the
denominator of the throughput calculation in Eq. (2). Thus,
if the backoff time gets longer, To increases and the resulting throughput decreases. According to the above analysis,
increasing To expands the range of l1 meeting the above case
1) where conveying more data in a frame is better, thus the
impact of To on throughput is reduced.
In what follows, we consider a general case with many
STAs. In such a case, determination of a frame length is not
as simple as the two-station case and thus we focus on finding
a general rule.
V. S YSTEM M ODEL
We consider a WLAN network composed of APs and
multiple STAs; each AP serves STAs connected to it, forming
a basic service set (BSS). The MAC and PHY behavior
including MU transmission under consideration is based on
IEEE 802.11ax. Traffic is generated and buffered at per-STA
queues of AP (DL) or the queue of a STA’s own (UL). The
buffer status of each STA is known to its serving AP via buffer
status reports (BSRs) to assist the AP in allocating UL MU
resources.3
An MU transmission requires the following two steps to be
done before transmission: (1) resource allocation; and (2) data
frame construction. The scheduler of the AP selects a set of
STAs for their user frames to be multiplexed in an MU frame
3 In IEEE 802.11ax, a STA reports its buffer status to AP using either the
QoS Control field or the BSR Control subfield of frames it transmits.

and allocates RGs to them based on a pre-defined objective.
Then, the determined STA set and resource allocation result
is passed to the data frame construction process. We assume
that the basic scheme as a baseline constructs an MU frame
such that the transmission duration of each STA’s frame is
aligned to the maximum (Max-aligned), average (Avg-aligned)
or minimum (Min-aligned) among the multiplexed frames.
In order to make RG allocation, a scheduler determines a
STA to use each RG under the constraint that the final set
of users meets the orthogonality between them (no inter-RG
interference), i.e., a given transmission bit rate for a STA
results in no transmission failure unless a collision occurs.
Once allocation of a RG to a STA is made, the status
information of all STAs (e.g. past throughput for proportional
fair scheduling) is updated and the scheduler goes through the
same procedure for the next RG until all RGs are allocated.
The transmission bit rate of a STA is readily determined based
on IEEE 802.11ax’s MCS table once resource allocation is
finished (the MCS of each STA for a single RG is given a
priori according to a randomly-assigned link quality).
For determination of a STA to be allocated each RG, we
consider three types of scheduling algorithms: round robin
(RR), proportional fair (PF) and queue length-weighted (QL).
With RR, the scheduler allocates STAs sequentially. With PF,
the scheduler sorts and picks STAs in the order of si /s̄i
where si is the expected throughput of STA i through this
transmission and s̄i is the average throughput achieved by STA
i with a weight on recent samples. With QL, the scheduler
sorts and picks STAs in the order of qi /s̄i where qi is the
amount of data queued for STA i; qi /s̄i corresponds to the
total airtime needed to flush all the queued data for the STA.
Thus, QL tries to minimize the maximum delay experienced
by STAs.
VI. DATA F RAME S IZE C ONTROL
In this section, we formulate the data frame construction
problem and solve it. We then develop an algorithm that finds
a solution efficiently.
A. Problem Formulation
Let Tp be the transmission duration of PSDU. When N
user frames are multiplexed in an MU frame transmission, the
achieved throughput is given as
PN
i=1 li
(4)
G=
To + Tp
where li is the length (data bits) of A-MPDU for STA i. If AMPDU conveying all queued data for STA i (amounting to qi )
can be transmitted within Tp , A-MPDU is constructed as such.
If not, A-MPDU is constructed so as to convey as much data
as possible while having its transmission time as Tp . Without
loss of generality, we index STAs in the ascending order of
qi /ri , i.e., qi /ri ≤ qi+1 /ri+1 . For simplicity of exposition, we
refer to the amount of data stored in a queue, denoted as qi
for STA i, as the total number of data bits.
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Then, the target problem, denoted by P , is expressed as
P :

P 2 : lj ∗ = arg max G(j ∗ )
lj ∗

max G

{li },Tp

s.t.
li /ri ≤ Tp ,
li ≤ qi ,
i = 1, . . . , N.

(5)

s.t.
qj ∗ −1 /rj ∗ −1 ≤ lj ∗ /rj ∗ ≤ qj ∗ /rj ∗ .

Proof. According to Freund and Jarre’s work [47], the sumof-ratios problem is N P-complete, whose general form is
expressed as
p
X
fj (x)
max h(x) +
x
g (x)
j=1 j
(6)
s.t.
x ∈ S ⊂ Rn
when fj (x) ≥ 0, gj (x) > 0, h and fj are concave and gj is
convex for all j and S is a convex set; x is a vector. P is the
sum-of-ratios problem with x = [l1 , . . . , lN , Tp ], fj (x) = lj ≥
0, gj (x) = To + Tp > 0 and the constraints form a convex
set.
The N P-completeness of P suggests that there is no
efficient polynomial-time algorithm to solve it exactly. Thus
it is prohibitive to find the global optimizer in terms of
computational complexity. Our approach to find a suboptimal
solution of P with low computational complexity is two-fold:
(1) transform P into an equivalent problem with reduced problem variables; and then (2) decompose the new problem into
subproblems and solve them sequentially to find a suboptimal
solution.
The solution of P is given as (l1 , l2 , · · · , lN , Tp ). Assume
that STA j ∗ ’s transmission time is aligned with Tp , i.e., Tp =
lj ∗ /rj ∗ . Then, for STA i < j ∗ , we have li = qi and, for
i > j ∗ , li = ri Tp .4 This means that P is equivalent to finding
a two-tuple of (j ∗ , lj ∗ ). Then, P is rewritten in its equivalent
form denoted by P 0 as
(j ∗ , lj ∗ ) = arg max G
j,lj

s.t.
rj qj−1 /rj−1 ≤ lj ≤ qj ,
j = 1, . . . , N

(7)

whose solution space is N × R (reduced from RN +1 of P ).
In order to find a suboptimal solution of P 0 , we first (1)
find STA j such that Tp is aligned with qj /rj and then (2)
adjust lj for further optimization. We divide P 0 as such into
two subproblems:

Assume that the transmission durations of all user frames
(PSDUs) are aligned with the one for STA j, i.e., lj /rj . Thus,
the A-MPDU of STA i < j is padded with dummy bits
amounting to lj /rj − li /ri and that of STA i > j is limited
by lj /rj , i.e., li /ri = lj /rj which leads to li = ri (lj /rj ).
Then, we rewrite throughput G of Eq. (4) as a function of j
as below:
Pj−1
PN
i=1 li + (lj /rj )
i=j ri
G(j) =
T + lj /rj
Pj−1 o
PN
l
i=1 i + (To − To + lj /rj )
i=j ri
=
(10)
T + lj /rj
Pj−1 o
PN
N
X
i=1 li − To
i=j ri
.
=
ri +
To + lj /rj
i=j
In what follows, we observe how G(j) changes as j
increases. In order to do that, we first obtain G(j + 1) − G(j)
as
G(j + 1) − G(j)
Pj
PN
N
X
i=1 li − To
i=j+1 ri
=
ri +
To + lj+1 /rj+1
i=j+1


P
PN
j−1
N
X
l
−
T
r
i
o
i
i=1
i=j

−
ri +
T
+
l
/r
o
j
j
i=j
Pj
PN
i=1 li − To
i=j+1 ri
=
To + lj+1 /rj+1
Pj−1
PN
i=1 li − To
i=j ri
−rj −
To + lj /rj
Pj
PN
l
−
T
o
i=1 i
i=j+1 ri
=
To + lj+1 /rj+1
Pj−1
PN
rj (To + lj /rj ) + i=1 li − To i=j ri
−
T + lj /rj
PN
Pj
PN o
Pj
l
−
T
i
o
i=j+1 ri
i=1 li − To
i=j+1 ri
i=1
=
−
To + lj+1 /rj+1
To + lj /rj
(11)
where the numerators of the final two terms are identical. We
denote this common numerator by F (j), i.e.,
Pj
PN
(12)
F (j) := i=1 li − To i=j+1 ri
and finally obtain G(j + 1) − G(j) as

∗

P 1 : j = arg max G(j)
j

s.t.
li = qi ,
li /ri = lj /rj = Tp ,
i = 1, . . . , N, j = 1, . . . , N
4 Then,

(9)

B. Problem Solution

Proposition 1. P is N P-complete.

P0 :

and

G(j + 1) − G(j) =
for i ≤ j,
for i > j,

(8)

the assumption qi /ri ≤ qi+1 /ri+1 leads to li /ri ≤ li+1 /ri+1 .

F (j)(lj /rj − lj+1 /rj+1 )
.
(To + lj+1 /rj+1 )(To + lj /rj )

(13)

Proposition 2. F is a monotonically increasing function of j.
Proof. In Eq. (12), as j increases, the first term increases and
the second term decreases, both monotonically. In other words,
F (j) is the sum of two monotonically increasing functions of
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j. Therefore, F (j) itself is also a monotonically increasing
function of j.

ൌ

Proposition 3. G is a monotonically increasing function of
j when F ≤ 0 and a monotonically decreasing function of j
when F ≥ 0, i.e,

≥ 0 F (j) ≤ 0
G(j + 1) − G(j) =
(14)
≤ 0 F (j) ≥ 0

 ൌ 



ࡺ

ୀ

ୀା

Yes

   ࢀ  ࢘

for 1 ≤ j ≤ N − 1.

ࢀ ൌ  Ȁ࢘

No

Proof. In Eq. (13), the denominator is positive and the numerator excluding F (j) is non-positive due to the assumption
lj /rj ≤ lj+1 /rj+1 , which leads to Eq. (14).
Recall that our first problem (P 1) is to find j which
maximizes G(j). From the above propositions, we now obtain
a proposition regarding the optimum of G as follows.
∗

Proposition 4. Let j be defined as
j ∗ = arg max G(j).
1≤j≤N

(15)

Then, j ∗ is the smallest j that makes F (j) non-negative. If
there is no such j, j ∗ = N .
Proof. We divide the values of F into three cases: (1) F (1) ≥
0; (2) F (1) ≤ 0 and F (N ) ≤ 0; or (3) F (1) ≤ 0 and F (N ) ≥
0, and find the optimum of G for each case in the following.
(1): F (j) ≥ 0 for all j since F is a monotonically increasing
function of j from Proposition 2. Then, from Proposition 3,
G(j + 1) − G(j) ≤ 0 for all j and thus G(1) is the maximum.
(2): G(j + 1) − G(j) ≥ 0 for all j and G(N ) is the
maximum. If F (1) ≤ 0 and F (N ) ≤ 0, G(j + 1) − G(j) ≥ 0
for all j and G(N ) is the maximum.
(3): There exists j ∗ which meets F (j ∗ ) ≤ 0 and F (j ∗ +1) ≥
0. Then, G(j ∗ +1)−G(j ∗ ) ≥ 0 and G(j ∗ +2)−G(j ∗ +1) ≤ 0;
thus G(j ∗ + 1) is the maximum.
The above observations prove the proposition.
Once j ∗ is found, we can further adjust lj ∗ while meeting
lj ∗ −1 /rj ∗ −1 ≤ lj ∗ /rj ∗ ≤ qj ∗ /rj ∗ . If lj ∗ /rj ∗ < qj ∗ /rj ∗ , STA
j ∗ ’s frame does not contain the whole amount of backlogged
data qj ∗ Therefore, there still remains the problem to find optimal lj ∗ in [lj ∗ −1 rj ∗ /rj ∗ −1 , qj ∗ ]. The solution of the problem
is found as follows.
Proposition 5. When j ∗ is given, G(j ∗ ) is maximized when
lj ∗ = q j ∗ .
Proof. From Eqs. (10) and (12), we have G(j ∗ ) as
G(j ∗ ) =

N
X
i=j ∗

ri +

F (j ∗ − 1)
To + lj ∗ /rj ∗

(16)

where the second term of the right side is negative since j ∗
is the smallest integer value to make F (j ∗ ) non-negative.
Therefore, G(j ∗ ) is maximized when this negative term is
minimized, which is achieved when lj ∗ is chosen as the largest
possible value, i.e., qj ∗ .
Now we can understand the problem solution intuitively.
Similarly with the illustration of the two-station case in Section

ൌ
 ൌ 

No

 ൌൌ ࡺ

Yes

Fig. 2. DFSC algorithm

IV, we can consider two cases depending on the value of
F (j);
two-station case are now mapped
Pjl1 and r2 To of
Pthe
N
to
l
and
T
i
o
i=1
i=j+1 rj , respectively (for N = 2,
the general case terms match the P
two-station case exactly).
N
Therefore, we can assume that To i=j+1 rj corresponds to
the protocol overhead. Then, based on the understanding of
the two-station case, when F (j) ≤ 0 (corresponding to Case
1) of the two-station case), the waste of radio resource due
to the protocol overhead is dominant and we better increase
the amount of data to transmit at the expense of increasing
padding bits, which is aligned with the finding for the general
case (Proposition 3). In the opposite case (F (j) > 0), the
overhead of padding bits is dominant and reducing the MU
frame length is better (corresponding to Case 2) of the twostation case).
C. Algorithm Design
From the findings obtained above, we design an algorithm
to determine the best data frame length for a given set of
selected STAs and resource allocation, which we call the
Data Frame Size Control scheme (DFSC). The algorithm
of DFSC is depicted in Fig. 2. First, STAs are sorted in
the ascending order of qi /ri , i.e., qi /ri ≤ qi+1 /ri+1 for
all i where qi is the queue length of STA i and ri is the
transmission bit rate. Then, the algorithm starts with STA 1
(j = 1) setting
and checks if the STA satisfies the
Pj l1 = q1 P
N
l
>
T
condition
o
i=1 i
i=j+1 ri which has been defined
as F (j) in Eq. (12). If not, the algorithm repeats the above
step for the next STA. That is, the algorithm finds the first
STA making F (j) non-negative. Then, the first j satisfying
the condition, also denoted by j ∗ , is the one maximizing
throughput according to Proposition 4. Finally, the frame
length is set to qj ∗ /rj ∗ according to Proposition 5. If the
condition is not met for the last STA (STA N ), the algorithm
sets the frame length as qN /rN since throughput G(j) is
still a monotonically increasing function and maximal at N
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Fig. 4. Throughput when STAs have heterogeneous traffic generation rates
in two-STA case
TABLE I
S IMULATION PARAMETERS (S INGLE BSS)
Parameter
Channel bandwidth
Max number of RGs per STA
Number of RGs
Number of STAs
MCS (index)
Traffic generation rate
Max aggregation size
Slot length
SIFS
DIFS
Guard interval

Value
160 MHz
2
4
15
[1 3 5]
[10 40 70] Mbps
64 MPDUs
9 us
16 us
34 us
400 ns (short)

according to Proposition 3. In the figure, N is the total number
of user frames multiplexed in an MU transmission.
In the above design, service differentiation of different
traffic classes (e.g. delay-sensitive traffic) is not considered. In
order to serve different traffic classes better, a scheduler can
give them different weights in calculating the fitness of a STA
so that higher-priority class traffic is allocated more resources
than others. In frame construction, a weight can also be given
to a high-priority traffic class by allowing it to convey more
data beyond the determined frame length if the class queue is
not empty.

In this section, we evaluate the effectiveness of DFSC
in comparison with basic schemes for various network deployment scenarios, network parameters and scheduling algorithms. The Wi-Fi transmission considered in evaluation is
based on IEEE 802.11ax [1].
We assume that link adaptation is performed perfectly.
Therefore, a transmission failure results from collision only.
We consider downlink traffic. The maximum number of MPDUs aggregated in A-MPDU is set to 64. The length of each
MPDU is 1500 bytes. Each performance point is the average of
ten simulation runs each of which is for one hundred seconds.5
A. Two-Station Case
In order to get deeper understanding of the MU frame
construction problem and the impact of padding bits based on
numerical results, we first consider a simple case by varying
the data sizes of two user frames and analyze the throughput
performance. The transmission bit rate is fixed as 195 Mbps6
for both STAs (thus denoted by r with no subscript).
First, we investigate how throughput is affected by various
combinations of the data sizes of user frames and the results
are shown in Fig. 3. In the figure, each curve is the total
throughput for a varying data size of the second STA’s user
frame (l2 ) with a fixed data size of the first STA’s (l1 ). We
assume that l2 is always equal to or larger than l1 ; thus we
have no sample points for l2 < l1 in the curves. From the
figure, we see that for given l1 the maximum throughput is
achieved when l2 is equal to l1 and decreases as l2 increases.
This is because the increase of l2 results in the increase of
the gap between l1 and l2 , thus requiring more padding bits
for the first user frame. When l1 is equal to rTo , throughput
is fixed to the transmission bit rate (195 Mbps) regardless
of l2 , as pointed out in Section IV. The black solid line is
the boundary of the achievable throughput region. If DFSC
is applied, padding will be prevented by limiting l2 such that
5 We

used a Matlab-based in-house simulator.
corresponds to MCS 8 with one 484-subcarrier RU and 1.6us guard
interval in IEEE 802.11ax.
6 It
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1 and the rest 14 MPDUs are for STA 2. The gap between
the numbers of MPDUs for two STAs, i.e., 14, is fixed for all
rates considered in the figure. If generated traffic is not fully
included in the current transmission, the remaining amount
is queued. As expected, DFSC outperforms Max-aligned due
to the reduction of padding. However, DFSC behaves same
as Max-aligned before the overall traffic generation rate gets
20 (3 for STA 1 and 17 for STA 2) which corresponds to
l1 < rTo (' 2.83 MPDUs) when all MPDUs for STA 1 are
conveyed by the current frame; in this case, l2 is not limited
by DFSC (see Section IV). The reason behind this observation
is is clearly seen in Fig. 5; the padding bits ratio of DFSC is
same as Max-aligned in this range, thus implying that DFSC
is not working (not limiting l2 ) yet.
B. Single BSS Case
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Fig. 9. Transmission delay for identical traffic generation rates and heterogeneous MCS rates among stations

user frames are constructed along the boundary line. Limiting
l2 , however, will increase the amount of queued data for the
second STA.
Next, we consider how the amount of generated traffic
affects throughput and padding while two STAs have heterogeneous traffic demands. The results are shown in Fig. 4. A
deterministic number of MPDUs are generated for each frame
transmission as denoted by the overall traffic generation rate
in the x axis of the figure; when it is 15, 1 MPDU is for STA

We now consider a BSS composed of an AP and 15 STAs
connected to it. The channel bandwidth is 160 MHz. The total
number of RGs is set to four, i.e., each RG corresponds to
a RU occupying 40 MHz bandwidth in OFDMA of IEEE
802.11ax. We limit the maximum number of RGs allocated to
a single STA by two. Three types of scheduling algorithms—
round robin (RR), proportional fair (PF) and queue lengthweighted (QL)—are considered. Packet arrivals follow the
Poisson distribution. For a baseline, we consider the Maxaligned scheme. We consider two performance metrics:
• Throughput: It is defined as the amount of transmitted
data in unit time. However, throughput is upper-limited
by a traffic load and, if all STAs already achieve the
throughput same as given traffic loads, we cannot see
any difference between schemes. The following metric is
needed in such a case.
• Delay: It is defined as the period from the time when a
packet first arrives at a buffer to the time when it finally
arrives at the destined node. It will show how fast queued
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data is depleted and how efficient each transmission
is. It is also highly related with the quality of service
for delay-sensitive traffic and user experience. Although
different schemes have the same throughput value, they
may have different delay performance in unsaturated
traffic conditions.
The results are shown as averaged values along with the
minimum and maximum of per-user performance values for
each averaged point as its confidence interval. The simulation
parameters are summarized in Table I.
First, in order to consider heterogeneous traffic conditions of
STAs, we divide them into three groups (low, medium and high
traffic demands, respectively, each with five STAs) and set the
traffic generation rates to 10 (low), 40 (medium) and 70 Mbps
(high), respectively. The transmission bit rate of a STA when
the STA is allocated a single RG, which we call modulation
and coding scheme (MCS) rate in the paper, is set to 195
Mbps. The results are shown in Fig. 6. With RR (Fig. 6(a))
and PF (Fig. 6(b)), DFSC outperforms Max-aligned for the
STAs with high traffic demands (70 Mbps). This is because
only these STAs hunger for more resources in this scenario and
DFSC has room to give them more transmission opportunities
thanks to improved efficiency. Avg-aligned achieves higher
efficiency than Max-aligned and thus reduces the performance
gap with DFSC. With QL (Fig. 6(c)), no difference is observed
between the schemes because the considered traffic demands
are all handled well.
While the throughput gain of DFSC is marginal in the
above scenario, the improvement of delay performance is
significant as shown in Fig. 8. This is because throughput is
upper-limited by a traffic generation rate and does not tell the
difference between different schemes when generated traffic
is handled all. The figure shows that DFSC reduces delay,
especially with RR and QL scheduling by up to 50% since
DFSC allows more transmission opportunities that become
available from increased transmission efficiency and reduced
airtime consumption.
Next, we consider heterogeneous MCS rates among STAs,
i.e., STAs are in different channel conditions. For this, we
divide the STAs into three groups (each with five STAs) and
set the MCS rates to 32.5, 97.5 and 195 Mbps7 , respectively,
for the groups. The traffic generation rate is now fixed for all
STAs as 30 Mbps.
With RR (Fig. 7(a)), the Max-aligned scheme achieves the
same throughput for all groups despite their heterogeneous
MCS rates. Although a STA with a high MCS requires a short
frame, other STAs with low MCSs make the resulting frame
long with padding bits, thus reducing transmission efficiency.
DFSC limits the frame length typically towards the STA with a
good channel condition. As a result, the throughput of the STA
using a higher MCS is increased while the throughput of the
STA using the lower MCS is lowered. Avg-aligned performs
better than Max-aligned, but not as good as DFSC because
the length of a constructed frame is not optimized.
With PF (Fig. 7(b)), STAs with high MCS are given more
7 These rates correspond to MCS indices 1, 4 and 8, respectively, with one
484-subcarrier RU and 1.6us guard interval in IEEE 802.11ax.
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TABLE II
S IMULATION PARAMETERS (OVERLAPPING BSS S )
Parameter
Channel bandwidth
Max number of RGs per STA
Number of RGs
Number of BSSs
Number of STAs per BSS
MCS (index)
Traffic generation rate
Max aggregation size
Slot length
SIFS
DIFS
Guard interval

Value
80 MHz
2
4
[5 10 15]
10
[1 - 9]
[0 - 25] Mbps
64 MPDUs
9 us
16 us
34 us
400 ns (short)

frequent opportunities of transmission. Once a STA with low
MCS is scheduled, it may have a large amount of queued
data since it is typically not scheduled frequently. The Maxaligned scheme allows such a STA to transmit a large amount
of data at a time and consume a long airtime in a transmission,
thus resulting in a large amount of padding bits. DFSC
restricts such a long airtime of a low-MCS STA and reduces
padding bits, but at the expense of the reduced amount of
transmission data at a time for low-MCS STAs. Thanks to the
increased transmission efficiency and reduced overall airtime
consumption, DFSC enables more transmission opportunities
in the channel and increases the throughput of low-MCS STAs
as well finally.
With QL (Fig. 7(c)), STAs with low MCS have increased
throughput while those with high MCS have only a small
increase of throughput over Avg and Max-aligned. This is
because STAs with low MCS have longer queues than others
and thus are prioritized by the scheduler.
The reduction of delay performance is more significant than
the previous case as shown in Fig. 9. DFSC achieves 78% and
47% of reduction with RR and PF, respectively, compared
to Max-aligned and 56% and 35% of reduction, respectively,
compared to Avg-aligned. Even with QL, DFSC achieves 39%
and 29% of reduction compared to Max and Avg-aligned
schemes, respectively.
C. Overlapping BSSs Case
In this simulation scenario, we consider dense AP deployment cases where there exist multiple BSSs having overlapping coverage areas with each other. Each BSS is composed
of an AP and 10 STAs connected to it. For each STA, a
traffic generation rate is picked randomly in [0, 25]Mbps and
MCS is selected in [1, 9] randomly with allocation of two
RUs, thus ranging from 32.5 to 433.3 Mbps for each RU
(with 484-subcarrier RU and 1.6us guard interval). Since STAs
are given individual traffic generation rates and MCSs, we
use traffic delivery ratio (TDR) to evaluate schemes, which
is defined as the ratio of the delivered traffic amount to the
generated amount; TDR of one means that all generated traffic
is delivered to corresponding destinations in simulation time.
The rest of the simulation parameters remain same as the
single BSS case. The simulation parameters are summarized
in Table II.

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, 2019

10

1

1

1

0.8

0.8

0.8

0.6

0.6

0.6

0.4

0.4

0.4

0.2

0.2

0.2

0
0

0.2

0.4

0.6

0.8

1

0
0

0.2

(a) 5 OBSSs

0.4

0.6

0.8

1

0
0

0.2

(b) 10 OBSSs

0.4

0.6

0.8

1

0.8

1

0.8

1

(c) 15 OBSSs

Fig. 10. CDFs of traffic delivery ratio with round robin scheduling
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With RR (Fig. 10), both Min and Max-aligned show worse
TDR performance than DFSC. Since RR gives equal opportunities to STAs even with small traffic, Min-aligned makes
a frame too short while Max-aligned results in excessive
padding bits. DFSC always achieves higher TDR than them.
DFSC also outperforms Avg-aligned in all OBSSs cases. For
5 OBSSs, Avg-aligned achieves similar with DFSC for bottom
30% STAs, but DFSC achieves much higher TDR for the
rest, thus leading to 14% improvement over Avg-aligned on
average (20% and 91% improvement over Min and Maxaligned schemes, respectively). As the number of OBSSs
increases, the basic three schemes achieve closer performance
to each other’s since STAs’ queues pile up and all schemes

tend to construct longer frames. The gain of DFSC over the
best among the basic ones, i.e., Avg-aligned, is 15% for 10
OBSSs and 12% for 15 OBSSs.
Fig. 11 shows TDR performance with PF scheduling. As
shown in the figure, the performance gap between DFSC
and the other schemes is smaller than that with RR since
PF scheduling itself has higher efficiency than RR. Another
observation from the figure is the performance enhancement
of the Min-aligned scheme; resource allocation to low-MCS
STAs is less frequent with PF scheduling and thus too short
frames are less made by Min-aligned. DFSC still shows the
best TDR performance for most STAs in all OBSSs cases
considered and the gain for average TDR over the basic ones
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Fig. 14. 5th percentile of the traffic delivery ratio of various frame construction schemes combined with different scheduling algorithms in 5 OBSSs
case

ranges from 1% (over Avg-aligned with 10 OBSSs) to 64%
(over Max-aligned with 10 OBSSs).
The TDR results with QL scheduling are shown in Fig. 12.
Since QL scheduling prioritizes STAs with more traffic in
queue, it tends to produce long frames. For long frames, the
overhead of padding bits dominates transmission efficiency
and the protocol overhead has less impact. Thus Avg and
Max-aligned schemes show lower performance than before
and Min-aligned outperforms them due to minimization of
padding bits. When the network is more crowded with 10 and
15 OBSSs, frames tend to have longer sizes due to increasing
queues and Min-aligned even achieves almost equal TDR
performance with DFSC.
Fig. 13 shows the summary of average TDR performance for
all schemes under comparison. It is noted from the figure that
the basic schemes achieve good performance in some cases,
but not in all cases. For example, Avg-aligned performs similar
with Min-aligned for 5 OBSSs, but gets better for 10 and 15
OBSSs; Min-aligned is good with QL scheduling, but gets
worse than Avg-aligned with RR scheduling. However, DFSC
achieves the best (or close to the best) performance among all
schemes in all OBSSs cases with all scheduling algorithms,
thus having wide adaptability to various network environments
and scheduler combinations. In terms of 5th percentile TDR
presented in Fig. 14, DFSC also outperforms all the other
schemes with all scheduling algorithms.
VIII. C ONCLUSION
We developed a data frame construction scheme for MU
transmission in IEEE 802.11 WLANs, called DFSC. DFSC
finds the optimal length of an MU frame to maximize its
transmission efficiency, taking into account the buffer statuses
and transmission bit rates of the stations which are allocated

RG(s) in the frame. DFSC is combined with a general scheduling algorithm that selects a set of stations and allocates RG(s)
to them for each frame transmission based on the algorithmspecific objective; the decision is then passed to DFSC and the
final frame is constructed. Through comprehensive simulation,
we demonstrated that the proposed scheme integrated with
various scheduler algorithms outperforms basic schemes in a
wide range of network environments.
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