Proposed MU-MIMO protocol: Consider a downlink (DL) MU-MIMO
protocol using OFDMA at the existence of legacy STAs for
next-generation WLAN systems, where the AP and each STA are,
respectively, equipped with NT and NR antennas. To enhance channel
utilisation efﬁciency, an AP constructs user groups among non-legacy
STAs, performs a channel sensing to ﬁnd used channel bands, and utilises them for the MU-MIMO data transmissions of user groups. Here,
the discrete Fourier transform (DFT) size is N with index set ΩN and the
index set of used subcarriers is ΩU (,ΩN) because of the OFDMA operation. For the proposed MU-MIMO protocol, the AP further constructs
MUX groups within each of the selected user group based on the longterm channel information of the STAs in the user group such as the
maximum delay spread or the spatial correlation. This MUX group
information can be identiﬁed to the intended recipients of each
MU-MIMO transmission using a modiﬁed version of the signal-A
ﬁeld (SIG-A) in Fig. 1, in which the MUX group information with
the corresponding cyclic shift (CS) value is further included.
HEW-SIG-A (modified version of SIG-A)
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Fig. 1 Proposed DL MU-MIMO protocol

Fig. 1 shows the proposed DL MU-MIMO protocol. For the selected
user group, the size of each MUX group is selected by the AP and is
indicated at the MUX group ﬁeld in the modiﬁed SIG-A as shown in
Fig. 1a. Each bit in the MUX group ﬁeld indicates whether a new
LTF is used for the corresponding layer (1) or not (0). Since each
user knows its position in the selected group ID from the group ID management as shown in Fig. 1b, the number of space-time streams ﬁeld
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Introduction: In the IEEE 802.11ac wireless local area network
(WLAN) systems [1], multi-user (MU) multiple-input–multiple-output
(MIMO) is one of the key technologies to enhance the throughput,
which is expected to be extended to equip more antennas at an access
point (AP) to provide more layers (or streams) for next-generation
WLAN systems such as IEEE 802.11ax or beyond. However, the preamble and feedback overhead linearly increase as the number of antennas increases in the conventional MU-MIMO protocol for the current
WLANs [1] and it will be non-negligible as next-generation WLAN
systems employ massive MIMO schemes. In this Letter, an efﬁcient
MU-MIMO protocol is proposed for next-generation WLAN systems
employing massive MIMO, in which multiplexing (MUX) groups for
pilot signal MUX and simultaneous feedback are performed by an AP
among users in each MU-MIMO user group to achieve higher efﬁciency. Moreover, the long training ﬁeld (LTF) demultiplexing
scheme at each station (STA) and the joint feedback detection scheme
at AP considering the orthogonal frequency division multiple access
(OFDMA) operation among the APs are proposed [2].

L-STF

An efﬁcient multi-user multiple-input–multiple-output (MIMO) protocol is proposed and veriﬁed to be signiﬁcantly advantageous over the
conventional IEEE 802.11ac protocol for next-generation wireless
local area network systems employing massive MIMO and orthogonal
frequency division multiple access.
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uniquely determines where each layer index in the protocol belongs to
(i.e. ul denotes the user index for the STA having layer l ). Then, for
the lth layer, the number of ‘1’s from the ﬁrst to the lth bit in the
MUX group ﬁeld denotes the LTF index gl, the distance between
the left-adjacent (including itself) and right-adjacent ‘1’s denotes the
number of multiplexed layers in the LTF, μl, and the distance from it
to left-adjacent ‘1’(including itself) determines the CS value δl ∈ {0,
1, …, μl − 1}. After a short interframe space (SIFS) from the end of
the null data packet announcement frame, the AP sends the null data
packet (NDP) frame composed of gNT −1 code-division multiplexed
(CDM) LTFs as shown in Fig. 1c.
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Fig. 2 New LTF structures for new preamble part

Fig. 2 shows an example of the new LTF structure. Here, the LTF
signal for the lth layer is multiplexed on the glth LTF symbol with CS
spacing Dl W dl N /ml . A common N × 1 frequency-domain (FD) base
sequence p = [p(0)p(1) · · · p(N − 1)]T with the properties of a low
peak-to-average power ratio and good autocorrelation is shared among
the AP and STAs and the training sequence for each layer is obtained
by a phase rotation according to the CS value δl of the layer. As
shown in Fig. 2a, the NT × 1 FD symbol vector at the kth subcarrier
l
(k), where
(k ∈ ΩU) of the glth LTF can be expressed as xgAP
W W [0(l−dl )×ml ; I ml ; 0(NT −l+dl −ml )×ml ] denotes the NT × μl spatial


mapping matrix and x(l)
AP (k) = 1/ ml |VU |p(k) exp (j2pdl k/ml ). At the
STA to which the lth layer is allocated, MIMO channel estimation is performed by demultiplexing the glth LTF. Note that the conventional LTF
is used in a poll frame. After an SIFS from the end of the NDP frame or a
poll frame, the STAs in the same MUX group simultaneously transmit
their compressed beamforming frames after an uplink timing control
as in Figs. 2b and c. Similarly, each STA controls the transmission
power by reducing the power by the amount of the difference
between itself and the smallest one in the MUX group based on the
average received power ﬁeld in the modiﬁed group ID management.
As shown in Figs. 2b and c, the legacy portion, the HEW-SIG-A and
the HEW-STF in the preamble are transmitted only by the STA
having the zero CS value in the MUX group to avoid a collision.
Note that although the received power level may change between the
legacy part and the HEW-LTF, it does not cause any problem because
the gap is already known at the AP due to the power control mechanism.
On the other hand, the LTF signal for each layer of the MUX group is
simultaneously transmitted. As shown in Figs. 2b and c, the NR × 1 FD
symbol vector at the kth subcarrier (k ∈ ΩU) of the STA having the lth
layer for the LTF of the MUX group g is expressed as x(l)
STA (k), where
ql(k) denotes the NR × 1 unitary beamforming steering vector of the
lth layer at the kth subcarrier determined by the STA and
√
x(l)
STA (k) = 1/ |VU |p(k) exp (j2pdl k/ml ) which is transmitted after
applying the inverse DFT, inserting the length-G cyclic preﬁx (CP),
and applying the earlier mentioned timing and power control. In
addition, the HEW-SIG-B as well as the data ﬁeld for each layer in
the MUX group is simultaneously transmitted using the same vector
ql(k) with the timing control only by virtue of the signal separation capability of the AP having multiple antennas. With the feedback reports
from STAs in the selected user group, the AP computes the
MU-MIMO steering matrix and sends the DL data frame of NT layers
preceded by the same gNT −1 CDM LTFs used in the NDP frame.
After an SIFS from the end of the data frame or a poll frame, the
STAs in the same MUX group simultaneously transmit their acknowledgement frames similarly as in the feedback frames.
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Proposed LTF demultiplexing and joint detection schemes: Let h(u)
l (k)
be the NR × 1 channel vector between STA u and the lth transmit
(u)
(u)
antenna of the AP. Moreover, H(u) (k) = [h(u)
0 (k)h1 (k) · · · hNT −1 (k)] is
the NR × NT channel matrix for the STA u and the AP. In addition,
Hl(k) is the NT × NR channel matrix between the STA having the lth
layer and the AP and hl(k) = Hl(k)ql(k) is the effective channel vector
for the lth layer at the AP. Then, the NR × 1 received FD symbol
vector after the CP removal and DFT at the kth subcarrier (k ∈ ΩU) for
the gth LTF in the NDP frame at the STA u can be expressed as
y (u)(k) as in Fig. 3, where ϒ(u) is the average received power at the
STA u and n (u)(k) is the NR × 1 independent identically distributed
(i.i.d.) complex white Gaussian noise (CWGN) vector. Besides, the
NT × 1 received FD symbol vector after the CP removal and DFT at
the kth subcarrier (k ∈ ΩU) for the MUX group g in the compressed
beamforming frame at the AP can be expressed as y(k) as in Fig. 3,
where ϒl is the average received power of the signal from the STA
having the lth layer and n(k) is the NT × 1 i.i.d. CWGN vector.
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example by assuming ZF beamforming transmission at the AP. Here,
the average throughput [Mbits] is obtained by simulation considering
both the channel estimation effect and the effect caused from the detection error in the compressed feedback frames for the case of using 64
frames with each frame length of NData. As can be seen from Table 2,
the proposed protocol can reduce the required feedback duration by
allowing simultaneous transmission with only little loss in the used
modulation and coding set option. Thus, by efﬁciently reducing the preamble and feedback overhead without sacriﬁcing performance, the proposed protocol can achieve much higher efﬁciency, especially for a
small data frame length.

Table 1: Toy example, SINR loss comparison for STAs 0–3
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Fig. 3 Proposed LTF demultiplexing and joint detection schemes

The proposed LTF demultiplexing scheme makes an effort to separate
(u)
h(u)
μl NR × 1 channel estimates {
l (k)|gl = g} from y (k) of the gth LTF
by applying an extended version from the DFT-based channel estimator
in [3] considering the leakage effect because of the OFDMA operation
while keeping the low complexity, in which the antenna combined in the
most signiﬁcant tap selection with an appropriately modiﬁed threshold
considering the antenna combining technique as shown in Fig. 3a to
generate the compressed beamforming information from
{
h(u)
l (k)|l = 0, 1, . . . , NT − 1} after receiving all multiplexed LTFs
from the AP. Moreover, with y(k), he proposed joint detection scheme
ﬁrst separates the LTF and feedback data ﬁelds, obtains μl NT × 1
channel estimates {
hl (k)|gl = g} from the LTF of the MUX group g,
and performs a MU-MIMO detection followed by decoding to obtain
the feedback data ﬁeld. To overcome the co-channel interference, the proposed channel and minimum-mean-square error (MMSE) soft-output
MIMO detector [4] followed by a Viterbi decoder are adopted as
shown in Fig. 3b.
Performance evaluation: For the simulation, NT = 16 and an 80 MHz
bandwidth are assumed. Here, N = 256, G = 64 and the most commonly
used IEEE 802.11ac channel model B are used. A nearby AP and a
legacy STA are assumed to preoccupy the primary 20 MHz channel
so that the non-legacy STAs around them should utilise the remaining
60 MHz channel using the OFDMA operation for the MU-MIMO, i.e.
|ΩU| = 178. In addition, the total transmit power and the thermal noise
power are, respectively, set to 17 dBm and −174 dBm/Hz with a
noise ﬁgure of 10 dB at the receiver. To evaluate the performance of
the proposed MU-MIMO protocol by comparing it with the conventional IEEE 802.11ac equipped with the optimal MMSE estimator, a toy
example is considered where 22 associated STAs are placed as given
in Table 1. Here, the ﬁrst 12 and the remaining 10 STAs are grouped
into two user groups and the MUX grouping is also summarised. In
Table 1, the signal-to-interference plus noise ratio (SINR) loss [dB],
deﬁned as the performance degradation in terms of the average received
SINR when the regularised zero-forcing (ZF) beamforming is assumed,
is summarised for STAs 0–3 because of the mismatch in the feedback
channel. The results show that the proposed protocol works very well
at sufﬁciently low SINR loss in spite of the improved efﬁciency
because of the LTF demultiplexing even with the proposed channel estimator by overcoming the reduced transmit power per layer due to the
MUX and a possible leakage due to the OFDMA operation.
In Table 2, the average throughput performance of the proposed
MU-MIMO protocol is compared with the IEEE 802.11ac in the toy

Table 2: Average throughput performance comparison, required
feedback duration comparison for m = 0 and q = 0
Throughput

NData = 2000 [bytes]

User group (q)
Conventional
Proposed
Improvement [%]
Typical MCS

0
1
Average
173.5
203.5
187.3
349.5
357.5
353.2
200.4
175.7
188.6
Conventional: 5/6, 256QAM

Duration [μs]

1084

NData = 3895 [bytes]
0
1
310.9 359.5
521.0 534.2
167.6 148.6
Proposed: 5/6,

Average
333.4
526.6
157.9
64QAM

260

Conclusion: In this Letter, an efﬁcient MU-MIMO protocol is proposed
for WLAN systems employing massive MIMO and OFDMA. The simulation results conﬁrm that the proposed protocol provides a much higher
throughput compared with the conventional IEEE 802.11ac.
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