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Abstract

:

This paper proposes a novel receiving antenna allocation scheme for downlink multiuser multiple input multiple output orthogonal frequency division multiplexing (MU-MIMO-OFDM) transmission; an access point (AP) simultaneously transmits data frames to a combination of allocated receiving antennas on a subcarrier basis at each station (STA). The proposed scheme combines a limited channel state information (CSI) feedback sequence with a receiving antenna decision method. In the proposed scheme, each STA estimates the channel responses of all receiving antennas by using the training preamble transmitted from an AP, and then feeds the channel response of the antenna with maximum norm back to the AP when the spatial correlation value between receiving antennas is higher than a threshold. Otherwise, each STA feeds full channel responses back to the AP. This scheme decreases the amount of CSI fed back while exploiting the spatial diversity gain, and the AP’s computational complexity is also decreased regarding the antenna allocation. Moreover, the receiving antenna decision method eliminates the overhead to notify the allocated antenna information from the AP to each STA by simply comparing its own receiving antenna powers. We clarify the effectiveness of the proposed scheme in our computer simulations using channel responses measured in an indoor environment. The results show that the proposed scheme maintains the channel capacity of the downlink MU-MIMO-OFDM transmission while greatly reducing the overhead and computational complexity.
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1. Introduction


To satisfy the growing demand for broadband wireless communication, it is necessary to enhance the channel capacity of wireless communication systems, such as mobile communication and wireless local area network (LAN) systems [1,2,3,4]. Downlink multiuser multiple input multiple output orthogonal frequency division multiplexing (MU-MIMO-OFDM) transmission, in which a transmitter simultaneously transmits individual data frames to multiple receivers, each with a few antennas, has been evaluated for wireless system standards, such as 3GPP long term evolution (LTE) advanced [5] and IEEE 802.11ac [6]. Furthermore, the downlink MU-MIMO-OFDM transmission with massive transmit antenna numbers is expected to greatly enhance the channel capacity [7,8].



In the downlink MU-MIMO-OFDM transmission, inter-stream interference (ISI) is mitigated by pre-coding techniques, such as the linear processing approaches, including zero forcing (ZF) and block diagonalization (BD) [9,10], and the non-linear processing approaches, such as Tomlinson-Harashima precoding and vector perturbation [11,12]. Conventional papers assume scenarios where the number of transmit antennas exceeds the total number of receiving antennas. In such scenarios, ISI can be greatly mitigated by using the degree of freedom (DoF) of transmit antennas. However, if the number of receiving antennas at each STA increases, the DoF of transmit antennas will be insufficient. Thus, several studies have proposed coordinated transmitter-receiver (Tx-Rx) BD technique [9,13], wherein one data stream is transmitted to each user, an initial set of received weights is assumed, and the optimal Tx/Rx weights are alternatively recomputed until the solution converges to the one with minimum power and acceptable performance. This technique achieves higher channel capacity, but the computational complexity at the transmitter to calculate the Tx/Rx weights and notification overhead created by the received weights becomes problematic.



As a more practical solution, the downlink MU-MIMO transmissions with receiving antenna allocation or selection schemes have been proposed for single carrier systems [14,15]. In these schemes, the transmitter simultaneously transmits data frames to an antenna combination, including the allocated antenna of each receiver. They attain the spatial diversity gain by exploiting the multiple antennas at each receiver, but the computational complexity at the transmitter to allocate the antenna combination with the maximum channel capacity from all combinations is high. In addition, it is necessary that each receiver must acquire information of the allocated receiving antenna before receiving the actual data frame. Since this overhead is proportional to the numbers of receivers, receiving antennas, and subcarriers, further degradation of the transmission efficiency occurs. For this problem, some papers have proposed techniques for reducing the computational complexity and overhead from a theoretical point of view [16,17,18,19]. However, there is no proposal that considers them in an integrated manner based on the existing wireless LAN systems.



This paper proposes a high-efficiency and low-complexity receiving antenna allocation scheme for the downlink MU-MIMO-OFDM transmission on IEEE 802.11ac [6]. In the assumed system, an AP simultaneously transmits data frames to the antenna combination allocated on a subcarrier basis at each STA. It achieves a higher channel capacity than using the common receiving antenna allocation for all subcarriers because of the spatial diversity gain. The proposed scheme uses the limited CSI feedback sequence based on [20] and the receiving antenna decision method based on [21]. First, in this sequence, each STA uses the training preamble transmitted from the AP to estimate channel responses as the CSI of all receiving antennas, and then feeds back to the AP just the response of the antenna, with the maximum norm assuming that the spatial correlation value between receiving antennas is higher than a threshold. Otherwise, each STA feeds full channel responses back to the AP. By using this approach, the amount of CSI feedback is decreased with only a small performance penalty. Moreover, the computational complexity incurred by the receiving antenna allocation at the AP is also decreased. The receiving antenna decision method also decreases the overhead associated with notifying each STA of the allocated antenna information; each STA estimates the allocated antenna by a power comparison of the receiving antennas at each STA. Moreover, the proposed method considers the antenna decision error to improve the accuracy of the antenna decision.



To clarify the effectiveness of the proposed scheme, we have measured the channel responses between AP and STAs in an indoor school environment and then analyzed the measured results. We have evaluated it by computer simulations using measured channel responses. The results show that the proposed scheme maintains the channel capacity of the downlink MU-MIMO-OFDM transmission with a greatly reduced overhead and computational complexity. Moreover, we show that the proposed method offers high accuracy in the antenna decision.



This paper is organized as follows: Section 2 presents a system model of the downlink MU-MIMO-OFDM transmission with the receiving antenna allocation; Section 3 describes the proposed scheme, including the limited CSI feedback sequence and the receiving antenna decision method; simulations using the measured results are shown in Section 4; and, finally, in Section 5, the paper is concluded.




2. System Model


Figure 1 shows the system model of the downlink MU-MIMO-OFDM transmission wherein the AP communicates with N STAs. We assume that the AP has M antennas, and each STA has two antennas because most existing new smart phones, assumed as STA in this paper, are equipped with two antennas.    H n   ( k )  =    [       h  1 , n      ( k )   T       h  2 , n      ( k )   T       ]   T  ∈  ℂ  2 × M     denotes the channel response of the kth (  k = 1 , … ,   K  ) subcarrier between the AP and STA-n.    A T    is the transpose operator of  A .    h  1 , n    ( k )    and    h  2 , n    ( k )    are the channel responses between AP and the first and second antennas of STA-n, respectively. Moreover, this paper assumes the downlink MU-MIMO-OFDM transmission with the receiving antenna allocation per subcarrier, so the AP simultaneously transmits individual data frames to the antenna combination, including the allocated receiving antennas at STAs to obtain the spatial diversity gain. On the other hand, each STA receives its own data via its allocated antenna. Although the STA can use the signal from the non-allocated antenna, this signal includes a large amount of ISI because the non-allocated antenna is not supported by the pre-coding for ISI calculation at the AP. Therefore, this paper focuses on the reception via the allocated antenna. The channel response between the AP and STA-n after applying the receiving antenna allocation yields,     h ^  n   ( k )   . In the downlink MU-MIMO-OFDM transmission, the AP acquires channel responses to calculate the pre-coding weights before actual data transmission. Given the transmit signal,    x n   ( k )   , the received signal of the kth subcarrier at the STA-n,    y n   ( k )   , is expressed as:


    y n   ( k )  =    P n      h ^  n   ( k )   w n   ( k )   x n   ( k )  +  ∑  l = 1 , l ≠ n  N     P l      h ^  n   ( k )   w l   ( k )   x l   ( k )  +  z n   ( k )   ,    



(1)




where    P n    is the transmit power for STA-n,    w n   ( k )  ∈  ℂ  M × 1    , is the pre-coding weight of the kth subcarrier for STA-n, and    z n   ( k )    is the additive white Gaussian noise vector of the kth subcarrier with a variance of    σ 2   . It is assumed that equal power is allocated to each STA,   P =  P n   , to prevent unfairness in terms of the transmission quality between STAs. For practical use, the pre-coding weight assumed in this paper is calculated by channel inversion based on the ZF [9,10], a low complexity weight calculation method given by:


   W  ( k )  =  [         w 1   ( k )    ||  w 1     ( k )  ||  F       ⋯       w n   ( k )    ||  w n     ( k ) ||   F       ⋯       w N   ( k )    ||  w N     ( k ) ||   F         ]   ,  



(2)






    [         w 1   ( k )    ||  w 1     ( k ) ||   F       ⋯       w n   ( k )    ||  w n     ( k ) ||   F       ⋯       w N   ( k )    ||  w N     ( k ) ||   F         ]  =  H ^     ( k )   H     (   H ^   ( k )   H ^     ( k )   H   )    − 1    ,  



(3)




where     || A ||  F    denotes the Frobenius norm of  A , and    H ^   ( k )    is expressed as:


    H ^   ( k )  =    [        h ^  1     ( k )   T     ⋯      h ^  n     ( k )   T     ⋯      h ^  N     ( k )   T       ]   T   .  



(4)







By using the pre-coding weight with Equation (2), the downlink MU-MIMO-OFDM transmission to the antenna combination is realized. To evaluate the basic performance of the proposed scheme, this paper assumes the greedy algorithm; it allocates the antenna combination,   s  ( k )   , for the kth subcarrier that maximizes the channel capacity from all antenna combinations,  S . The channel capacity of the kth subcarrier and the   s  ( k )   th antenna combination at STA-n,    C n   (  k , s  ( k )   )    is calculated by:


    C n   (  k , s  ( k )   )  =   log  2   (  1 + S I N  R n   (  k , s  ( k )   )   )   ,  



(5)




where   S I N  R n   (  k , s  ( k )   )    is the signal to interference plus noise power ratio (SINR) given by:


   S I N  R n   (  k , s  ( k )   )  =      |   P    h ^   n , s  ( k )     ( k )   w  n , s  ( k )     ( k )   |   2     σ 2  +  ∑  l = 1 , l ≠ n  N     |   P    h ^   n , s  ( k )     ( k )   w  l , s  ( k )     ( k )   |   2     .  



(6)







Finally, the allocated antenna combination with a maximum channel capacity,    s  m a x    ( k )   , is calculated by:


    S  m a x    ( k )  =   argmax   s  ( k )     (   ∑  n = 1  N   C n   (  k , s  ( k )   )   )   .  



(7)








3. Proposed Scheme


This section introduces our high-efficiency and low-complexity receiving antenna allocation scheme for the downlink MU-MIMO-OFDM transmission based on IEEE 802.11ac [6]. The proposed scheme combines the limited CSI feedback sequence based on [20] and receiving antenna decision method based on [21].



3.1. Limited CSI Feedback Sequence


Figure 2 shows the proposed frame sequence, including limited CSI feedback, MU-MIMO-OFDM transmission, and acknowledgement subsequences. It is assumed that the signaling complies with the frame formats of IEEE802.11ac [6]. In the limited CSI feedback subsequence, the AP first broadcasts a null data packet announcement (NDPA) and NDP frames to STAs for estimating channel responses on a subcarrier basis; each STA estimates channel responses from the received NDP frame and calculates the spatial correlation value between receiving antennas for each subcarrier,    ρ n   ( k )   , as:


    ρ n   ( k )  =    |   h  1 , n    ( k )  ·  h  2 , n       ( k )   H   |    ||  h  1 , n      ( k ) ||   F  ||  h  2 , n      ( k ) ||   F     .  



(8)







Then, each STA feeds back just the channel response of the antenna with maximum norm to the AP via a compressed beamforming frame (CBF) when the spatial correlation value between the receiving antennas exceeds a threshold,    ρ  t h    . Note that this threshold is a parameter that determines the tradeoff between spatial diversity gain and CSI feedback reduction. The CSI feedback quantity is up to half that of the conventional value. Moreover, it is generally known that the channel capacity in MIMO transmission depends on the received signal power and spatial correlation. Since it can be expected that using the antenna with a higher received signal power improves the channel capacity, this paper selects the channel response of the antenna with maximum norm. Otherwise, each STA feeds full channel responses back to the AP. This paper assumes unitary matrix compression feedback, so the channel response is sent in the form of angles representing compressed beamforming feedback matrices,  V , per subcarriers, as supported by IEEE802.11ac [6]. The AP lets other STAs feed the channel response back to the AP in response of the beamforming report poll (BRP) frame. After receiving the channel responses, the AP calculates its pre-coding weights and allocated antenna combination using Equations (2)–(7). In the MU-MIMO-OFDM transmission subsequence, the AP then transmits the data frames to multiple STAs for the downlink MU-MIMO-OFDM transmission. Finally, in the acknowledgement subsequence, the AP and STA check for the existence of errors by block acknowledgment (BA) and BA request (BAR).




3.2. Receiving Antenna Decision Method


Both the coordinated Tx-Rx BD techniques [9,13] and DL-MU-MIMO transmissions with receiving antenna allocation/selection schemes [14,15] must require information of the receiver weights or allocated receiving antennas before receiving actual data frames, so the transmission efficiency, which is the ratio of time spent transmitting actual data to total time, is degraded. To reduce this overhead, the proposed method determines the receiving antenna by comparing the received powers of each antenna at STA using a few OFDM signals. In detail, each STA determines the receiving antenna with minimum received power as calculated from OFDM signals among all antennas using:


    {        h ^  n   ( k )  =  h  1 , n    ( k )    i f    |   y  1 , n    ( k )   |  ≤  |   y  2 , n    ( k )   |          h ^  n   ( k )  =  h  2 , n    ( k )    i f    |   y  1 , n    ( k )   |  >  |   y  2 , n    ( k )   |         ,  



(9)




where    y  1 , n    ( k )    and    y  2 , n    ( k )    are the received signals of the first and second antennas, respectively. Moreover, for improving the accuracy of the receiving antenna decision, we assume that the pre-coding weight,   w ′  ( k )   , which defines the right singular vector corresponding to the minimum eigenvalue, is given by:


   w ′  ( k )  =   v ^  N   ( k )   ,  



(10)






    H ^   ( k )  =  U ^   ( k )   Σ ^   ( k )   V ^     ( k )   H   ,    



(11)






    V ^   ( k )  =  [        v ^  1   ( k )     ⋯      v ^  N   ( k )       ]   ,    



(12)




where    A H    denotes the Hermitian transpose operator of  A ,    U ^   ( k )  ∈  ℂ  N × N     is the matrix combined from the left singular vectors of the kth subcarrier,     Σ ^    ( k )  ∈  ℂ  N × N     is the diagonal matrix of the kth subcarrier in which the diagonal elements represent the square roots of the eigenvalues, and     V ^    ( k )  ∈  ℂ  N × N     is the matrix combined from the right singular vectors of the kth subcarrier.



Actual propagation environments exhibit frequency selective fading, shadowing, transmit beamforming, etc., so the STAs may err in determining the receiving antenna. To further improve the accuracy of the antenna decision, this paper applies a receiving antenna allocation scheme that applies the receiving antenna decision method. In this proposal, the AP calculates the SINR to estimate the receiving antenna per subcarrier at each STA, given by:


   {      S I N  R  1 , n    (  k , s  ( k )   )  =      |   P    h ^   1 , n , s  ( k )     ( k )   w  n , s  ( k )     ( k )   |   2     σ 2  +   ∑   l = 1 , l ≠ n  N     |   P    h ^   n , s  ( k )     ( k )   w  l , s  ( k )     ( k )   |   2          S I N  R n   (  k , s  ( k )   )  =      |   P    h ^   n , s  ( k )     ( k )   w  n , s  ( k )     ( k )   |   2     σ 2  +   ∑   l = 1 , l ≠ n  N     |   P    h ^   n , s  ( k )     ( k )   w  l , s  ( k )     ( k )   |   2           , 



(13)




where   S I N  R  1 , n    (  k , s  ( k )   )    and   S I N  R  2 , n    (  k , s  ( k )   )    are the SINR values of the first and second antennas, respectively. The AP estimates the receiving antenna decision error at STA by using Equation (13). In addition, this process is performed only for the STAs that fed both channel responses back to the AP. Finally, the antenna combination that maximizes the channel capacity is calculated by Equations (6) and (7) from candidates without the antennas that may cause errors in the antenna decision.



We present an example frame format for the proposed method that suits IEEE 802.11ac. This frame is used by the STAs that fed back both channel responses, while STAs that fed back the channel response of a single antenna uses a general receiving method with a selected antenna. Figure 3a,b show the example frame format with proposed/general pre-cording regions and the receiving process with the concept of the proposed antenna decision method, respectively. The frame format of Figure 3a consists of a legacy short training field (L-STF), a legacy long training field (L-LTF), and a legacy signal field (L-SIG) for backward compatibility, and a very high throughput signal field A (VHT-SIG-A), a VHT-STF, VHT-LTFs, a VHT-SIG-B, and data signals. When the downlink MU-MIMO-OFDM transmission is used, pre-coding is performed for the signal region from VHT-STF to the end of the data signals. On the other hand, pre-coding of the proposed method is performed for the signal region from L-STF to VHT-SIG-A. When a signal is received by the STA in Figure 3b, the STA calculates the received VHT-SIG-A and decides the allocated antenna using the powers calculated for the signal region from L-STF to the minimum received power among all the antennas. At the same time, the STA acquires information (modulation and coding rate scheme, frame length, and so on) necessary for demodulation from the signal captured by the non-allocated antenna. The STA then demodulates the signal after VHT-STF by using the decided antenna. By using the above frame format and receiving process, the proposed method can be realized.





4. Performance Evaluation


In this paper, we have evaluated the proposed scheme by computer simulations using channel responses measured in an actual environment to clarify the potential of it.



4.1. Experimental Measurements of Channel Responses


Simulated or measured channel responses can be used to evaluate the proposed scheme. Since we consider that it is commercially important to show the effect in practical, existing usage scenarios, we used measured MIMO-OFDM channel responses captured between the AP and STAs in an indoor static line-of-sight (LOS) school environment, as shown in Figure 4. AP sets were at the front, as shown in Figure 4. We measured MIMO-OFDM channel responses at 22 STA locations. The measurement conditions are shown in Table 1. In the measurement, the receiver (Digital Signal Analyzer DSA90804A [22]) installed at the STA location captured beacon signals, including short and long preambles, transmitted from the AP, and calculated channel responses from the captured signals. The measurements were conducted at 5.18 GHz. The bandwidth and the number of subcarriers were 20 MHz and 52, respectively. The transmit power was 13 dBm. The AP had four dipole antennas with an element spacing of 0.5 wavelengths. The STA had two dipole antennas with an element spacing of 0.5 wavelengths. The heights of the AP and STA were 1 m above the floor. The measured channel responses were normalized and yielded an average signal to noise ratio (SNR) of 20 dB because of the basic evaluation in terms of the spatial correlation.




4.2. Validity of DL-MU-MIMO-OFDM Transmission Using Receiving Antenna Allocation


We show the potential channel capacity of the downlink MU-MIMO-OFDM transmission with the receiving antenna allocation per subcarrier. Figure 5 shows the cumulative distribution function (CDF) of the total channel capacities per subcarrier by using the coordinated Tx-Rx BD technique [13] and MU-MIMO-OFDM transmission with antenna allocation [14,15]. In the coordinated Tx-Rx BD technique, pre-coding and receiver weights were updated 10 times. Antenna allocation was performed randomly or in optimal manner. Optimum means to use the antenna that offers the maximum SINR among all antenna combinations. The result of the single user MIMO (SU-MIMO) with time division multiplexing access (TDMA) is also plotted as reference data. These results show the coordinated Tx-Rx BD technique achieves a higher channel capacity than the other methods. This is because the DoF of all receiver antennas can be used. However, as shown in the Introduction, its demerit is a higher computational complexity for the receiver weight multiplication and a greater overhead for notification of the quantized receiver weight. The channel capacity of the downlink MU-MIMO-OFDM transmission with the receiving antenna allocation per subcarrier is slightly degraded than that of the coordinated Tx-Rx BD technique even though each STA uses only one antenna. This is because the spatial diversity gain is more effectively attained by allocating antennas on a per subcarrier basis. Therefore, the proposed method is effective when there are massive numbers of wireless devices to service.




4.3. Analysis of Limited CSI Feedback Sequence


Figure 6 plots the averages of the total channel capacity per subcarrier on the downlink MU-MIMO-OFDM transmission and the reduction rate by using the proposed frame sequence versus the threshold value,    ρ  t h    . Reduction rate means the rate between the average amount of CSI feedback by using the proposed scheme and the amount of CSI feedback based on two antennas. First, the total channel capacity increases with the threshold value. This is because the number of antenna combinations also increases. As expected, the overhead reduction rate falls. However, even low threshold values greatly reduce the number of antenna combinations and the CSI feedback overhead. For example, the reduction rates are 0.59 (   ρ  t h     = 0.5), 0.62 (   ρ  t h     = 0.6), 0.7% (   ρ  t h     = 0.7), 0.78 (   ρ  t h     = 0.8), and 0.88 (   ρ  t h     = 0.9) in our indoor school environment. From these plots, the channel capacity and overhead reduction rate have a trade-off relationship, so the threshold value should be adjusted to suit the use case. Furthermore, system performance, including the overhead penalty of the CSI feedback, can be evaluated by defining the durations of the data and overhead frames. For example, assuming that the durations of data and overhead frames are the same, we found that the system performance of the proposed scheme with threshold optimization is about 30% higher than that of the conventional scheme using random antenna allocation.



Figure 7 plots the CDF of the total channel capacities for the proposal using three    ρ  t h     values, (0.5, 0.7, and 0.9), and random/optimum antenna allocations. Optimum means to use the antenna that offers the maximum SINR among all antenna combinations. This figure showed that the proposed scheme offers a higher channel capacity than random antenna allocation. Moreover, the offsets from the channel capacity with optimum antenna allocation are less than 20% at a CDF value of 50%.




4.4. Analysis of Receiving Antenna Decision Method


Figure 8 plots the overhead time versus the number of STAs. In the conventional downlink MU-MIMO-OFDM transmission assumed in this paper, each STA needs to acquire information of the allocated antennas before actual data transmission. Therefore, this paper assumes the inclusion of allocated antenna information per subcarrier in L-SIG or VHT-SIG-A. Therefore, the overhead time of the conventional method is calculated by using binary phase shift keying (BPSK) and coding rate of ½, as specified in IEEE 802.11. From this figure, the conventional method incurs more overhead as the number of STAs increases. For a massive antenna system with a great many spatial streams, the transmission efficiency is greatly degraded by the overhead increase. On the other hand, the proposed method performs to decide the receiving antenna comparing the received powers of the fixed preambles multiplied the proposed pre-coding, as shown in Section 3.2. Although the pre-coding value may change in accordance with the STA combination, the length of preambles with the proposed pre-coding does not change. In next generation wireless systems [3,4], discussions of increasing the number of streams beyond eight have been started. For example, when the number of streams is 16 and data length is 500 μs, we confirmed that the transmission efficiency of the system performance improves by about 24%. Assuming more stream numbers, further improvement can be expected.



Finally, we present the effectiveness of the proposed method. Figure 9 shows the CDF of the total channel capacity of the downlink MU-MIMO-OFDM transmission with a receiving antenna allocation by using the proposed method. Plots for five antenna decision variants are shown. The first uses the optimum antenna allocation without antenna decision error. The other four variants are the combinations of with/without the proposed pre-coding weight, which presents the receiving antenna decision method in Section 3.2, and the receiving antenna allocation with/without considering the antenna decision error in the limited CSI feedback sequence. It is clear that without the pre-coding, the proposed method has a greatly reduced performance because of the many antenna decision errors created by frequency selective fading. With the pre-coding, the channel capacity of the proposed method almost triples as the CDF value of 10%. However, since the pre-coding cannot perfectly mitigate the received power, antenna decision error still occurs in response to the propagation environment. Moreover, the offsets from the optimal channel capacity are less than 20% at a CDF value of 50% because the decision error is improved. In detail, the proposal roughly quadruples the channel capacity at the CDF value of 10%.





5. Conclusions


In this paper, we proposed the receiving antenna allocation scheme for the downlink MU-MIMO-OFDM transmission; the AP simultaneously transmits data frames to a combination of allocated antennas per subcarrier at each STA. The first feature of the proposed scheme is the limited CSI feedback sequence; each STA feeds back to the AP just the channel response of the antenna with maximum norm if the spatial correlation value between receiving antennas is higher than a threshold. This sequence decreases the amount of CSI feedback and computational complexity while incurring only a small performance penalty in the downlink MU-MIMO-OFDM transmission.



The second feature of the proposed scheme is the receiving antenna decision method; the overhead to notify the allocated antenna information greatly decreases by the received power comparison.



To clarify the effectiveness of the proposed scheme, we evaluated it in a computer simulation using channel responses measured in an indoor environment. The results showed that the proposal matched the performance of the coordinated Tx-RX BD techniques. That is, the proposed scheme can maintain the channel capacity of the downlink MU-MIMO-OFDM transmission while greatly reducing the overhead and computer complexity.
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Figure 1. System model in which the access point (AP), using M antennas, communicates with N stations (STAs) using two antennas on the downlink multiuser multiple input multiple output orthogonal frequency division multiplexing (MU-MIMO-OFDM) transmission. 
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Figure 2. Proposed frame sequence, including limited channel state information (CSI) feedback, MU-MIMO-OFDM transmission, and acknowledgement subsequences based on frame formats of IEEE802.11ac [6]. 
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Figure 3. Frame format and receiving process for IEEE 802.11ac. (a) Example frame format with the proposed pre-cording region and general pre-coding region; and (b) the receiving process with the concept of the proposed antenna decision method. 
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Figure 4. Experimental environments. (a) Room layout; and (b) photograph of room. 
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Figure 5. Cumulative distribution function (CDF) of the total channel capacities of the coordinated transmitter-receiver (Tx-Rx) BD technique, MU-MIMO-OFDM transmission with optimum/random antenna allocations, and single user MIMO (SU-MIMO) transmission on the time division multiplexing access (TDMA). 
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Figure 6. Total channel capacity and reduction rate vs. threshold value. 
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Figure 7. CDF of the total channel capacities of the downlink MU-MIMO-OFDM transmission with the proposal and random/optimum antenna allocations. 
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Figure 8. Overhead time vs. number of STAs. 
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Figure 9. CDF of total channel capacities of the downlink MU-MIMO-OFDM transmission with/without the proposed pre-coding. 
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Table 1. Experimental conditions.
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	Parameter
	Value





	Center frequency
	5.18 GHz



	Bandwidth (Subcarrier number)
	20 MHz (52)



	Transmit power
	13 dBm



	Number of AP antennas
	4



	Number of STA antennas
	2



	Transmit/Receiving antennas (Gain)
	Dipole (2 dBi)
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