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Abstract. 
This paper introduces a network-assisted interference suppression scheme using beam-tilt switching per frame for wireless local area network systems and its effectiveness in an actual indoor environment. In the proposed scheme, two access points simultaneously transmit to their own desired station by adjusting angle of beam-tilt including transmit power assisted from network server for the improvement of system throughput. In the conventional researches, it is widely known that beam-tilt is effective for ICI suppression in the outdoor scenario. However, the indoor effectiveness of beam-tilt for ICI suppression has not yet been indicated from the experimental evaluation. Thus, this paper indicates the effectiveness of the proposed scheme by analyzing multiple-input multiple-output channel matrices from experimental measurements in an office environment. The experimental results clearly show that the proposed scheme offers higher system throughput than the conventional scheme using just transmit power control.



1. Introduction
To handle the massive mobile traffic from smartphones and tablet devices, data-offloading to small cells such as wireless local area network (WLAN) systems is progressing in addition to the evolution of cellular systems [1–3]. For the efficient operation of the above networks, heterogeneous network (HetNet) with large macrocells in combination with small cells has been researched [4–6]. Small cell technologies in the HetNet have higher potential of the improvement of spectrum efficiency by taking advantage of dense reuse of frequency channel [7–9]. However, as excess installations of small cell cause intercell interference (ICI), it is difficult to obtain the maximum effect of frequency channel reuse [10].
To suppress ICI between small cells, network-assisted transmit power control (TPC) technologies, which cooperatively suppress ICI by adjusting each transmit power at multiple APs and improve system throughput, have been investigated [11, 12]; unfortunately, they also degrade the received power at each station (STA) because of TPC. More recently, network-assisted beamforming technologies also have been investigated [13–16]. They cooperatively suppress ICI without significantly degrading the received power at each STA except for cases in which the correlation of propagation channels between AP and desired/nondesired STAs is high. Moreover, beamforming techniques including TPC have been proposed and its effectiveness is clarified in [17].
Beamforming technologies on orthogonal frequency division multiplexing (OFDM) are classified into two categories: digital beamforming, which controlled amplitude and phase per subcarrier by digital signal processing, and analog beamforming, which controlled them in common for all subcarriers by using phase shifters connected to each antenna. Digital beamforming offers higher capacity and greater flexibility because of its precise control per subcarrier [13, 14]. However, it demands precise frequency/time synchronizations and large computational load for transmission weight calculation. On the other hand, analog beamforming is done by using phase shifters [15, 16]. While it dispenses with digital signal processing units, its throughput performance is less than that of digital beamforming because beamforming is common to all subcarriers. More recently, techniques that attempt to offer the features of both digital and analog beamforming have been investigated [18–20]. Considering the future wireless system, it is necessary to reevaluate each technology of both analog and digital beamforming. This paper focuses on beam-tilt technologies as analog beamforming for ICI suppression.
In the conventional researches, it is widely known that beam-tilt is effective for ICI suppression in the outdoor scenario such as macrocells. In the outdoor scenario, since the influence of direct wave path is relatively strong, ICI is expected to be greatly suppressed by avoiding direct wave path [15]. Also in the indoor scenario, although the effect of ICI suppression becomes smaller than that in the outdoor scenario because of multipath environment, there are reports which indicate the effectiveness of beam-tilt using the frequency band of WLAN systems. For example, [21] presents the multiple-input multiple-output (MIMO) antenna design including beam-tilt and its effectiveness for indoor base stations but does not mention the effect of ICI suppression from experimental evaluations.
In this paper, we introduce a network-assisted interference suppression scheme using adaptive beam-tilt switching including TPC for WLAN systems. In the proposed scheme, two APs simultaneously transmit to their own desired STA by adjusting angle of beam-tilt and transmit power per frame according to STA locations for the improvement of system throughput. As an additional technique, the proposed scheme uses a simple setting approach, which calculates angle of beam-tilt from channel state information (CSI) between the selected horizontal row of AP antenna elements and STA, given that there are fewer radio frequency (RF) front ends than antenna elements. In order to clarify the effectiveness of our adaptive beam-tilt switching in an indoor environment, we have evaluated the proposed scheme by computer simulations based on raytracing [22]. For the next step toward practical use, we evaluate the proposed scheme by using measured MIMO channel matrices in an indoor office environment. The experimental results clearly show that the proposed scheme offers higher system throughput than the conventional power control.
This paper is organized as follows. Section 2 introduces the system model. Section 3 describes our proposed interference suppression scheme. Section 4 details a performance analysis that uses the measured MIMO channel matrices. We conclude with a summary of key points in Section 5.
Notations. Vectors and matrices are in boldface. Superscript  denotes the Hermitian transpose operator of ,  denotes the inverse of A,  denotes the Frobenius norm of A,  is an identity matrix of size (),  denotes the set of complex matrix of size (),  is the determinant of A, and  is expectation of .
2. System Model
Figure 1 shows the system model in this paper; two APs simultaneously transmit to their own desired STA on downlink MIMO-OFDM transmission. APs and STAs utilize the same frequency channel and bandwidth. It is also assumed that each AP has an array of  antenna elements (: the number of horizontal rows, : the number of vertical columns) for communication with its own desired STA equipped with  antennas ().  antenna elements control angle of beam-tilt via analog beamforming by using phase shifters connected to each antenna element. On the other hand,  antenna elements perform MIMO transmission via digital beamforming. It is assumed that transmit time and center frequency are synchronized at both APs. Figure 2 shows the conceptual design of beam-tilt when  antenna elements are spaced by . When angle of beam-tilt is , phase difference  between antenna elements is expressed bywhere  is wavelength. ,    denote MIMO channel matrices of the th () subcarrier between AP-1 and STA-1, AP-2, and STA-2 after adjusting angle of beam-tilt and are expressed bywhere ,    denote channel vectors of the th subcarrier between (th (), th ()) antenna element of AP-1 and STA-1 and (th, th) antenna element of AP-2 and STA-2, respectively. Also, ,  are parameters of beam-tilt of AP-1 and AP-2, respectively. ,   ( denote MIMO channel matrices between AP-1 and STA-2 and AP-2 and STA-1 after adjusting angle of beam-tilt and are expressed bywhere ,    denote channel vectors of the th subcarrier between (th, th) antenna element of AP-1 and STA-2 and (th, th) antenna element of AP-2 and STA-1, respectively. The received signals of the th subcarrier, ,  at STA-1 and STA-2, are expressed by transmit signals of the th subcarrier, ,  at AP-1, AP-2,where ,  are additive white Gaussian noise vectors of the th subcarrier with variance . ,  are transmit powers at AP-1 and AP-2 (, ), respectively.  is the maximum transmit power.




	
	
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
			
		
			
				
		
		
			
				
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
		
	


Figure 1: System model.






	
	
		
		
		
			
		
			
		
		
		
		
		
		
			
		
		
			
		
		
		
		
		
		
		
			
		
			
		
		
		
		
			
		
			
		
		
		
		
		
		
		
			
		
			
		
			
		
			
	


Figure 2: Conceptual design of beam-tilt.


3. Proposed Scheme
This section explains the network-assisted interference suppression scheme using adaptive beam-tilt switching including TPC. In the proposed scheme, two APs simultaneously transmit to their own desired STA on MIMO-OFDM transmission while adjusting parameters (angle of beam-tilt and transmit power) calculated to suit STA locations. Moreover, the proposed scheme can be applied to environments with many APs and STAs by generating AP pairs with STAs. The proposed scheme uses two setting approaches to adjust those parameters by using CSI. First approach (optimal) uses all CSI for the maximization of system throughput and another approach (simple) uses only partial CSI for the overhead reduction in CSI acquisition. In the optimal approach, although maximum overhead for CSI acquisition (training signal (TS) transmission, CSI feedback, and so on) is required, its transmission capacity except for overhead is expected to be greatly high. On the other hand, the simple approach reduces the overhead for CSI acquisition by calculating parameters from partial CSI by focusing on the selected horizontal row of antenna elements. Figure 3 shows an example frame sequence (trigger frame, CSI acquisition, parameter notice, and data transmission) in order to realize the proposed scheme. Figure 4 shows the process of TS transmission ( () is the number of TS transmissions) when there are fewer RF front ends than antenna elements. In the first step, network server informs the start of cooperation to APs via a trigger frame including information of target APs and STAs. In the second step, AP-1 transmits TSs to STA-1 and STA-2 while changing the antenna element to RF front end connection as shown in Figure 4. Each STA estimates CSI from TSs and then feedbacks CSI to AP-1 via CSI feedback (CSI-FB) frame. AP-2 also acquires CSI by using the same process. In the next step, after AP-1 and AP-2 pass acquired CSI to network server via a CSI notification (CSI-N) frame, network server calculates angles of beam-tilt and transmit powers of AP-1 and AP-2 that improve the system throughput and then passes calculated parameters to AP-1 and AP-2 via an angle and power notification (AP-N) frame. In the final step, APs simultaneously transmit data packets to their own desired STA after each AP sets angle of beam-tilt and transmit power by using configuration as shown in Figure 1.




	
	
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
			
				
					
				
					
				
			
		
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
		
			
				
					
				
					
				
			
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
			
				
					
				
					
				
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
				
					
				
					
				
			
		
		
		
		
		
		
			
				
					
				
					
				
			
		
		
		
			
				
					
				
					
				
			
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
		
			
		
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
	


Figure 3: Frame sequence.






	
	
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
	


Figure 4: TS transmission process.


3.1. Definition of System Throughput in the Optimal Approach
The optimal approach calculates the system throughput by the exhaustive search with parameters (angle and transmit power) from (5) and CSI in the actual environment. Therefore, the system throughput is maximized for the experimental environment. It is assumed that transmit powers are ,  and angles of beam-tilt are ,  at AP-1 and AP-2, respectively. The system throughput, , by adjusting angle of beam-tilt and transmit power is given bywhere ,  denote transmission rates of STA-1, STA-2 on the th subcarrier calculated by 
3.2. Definition of System Throughput in the Simple Approach
As shown in Figure 4, the simple approach calculates the suboptimal angle of beam-tilt from partial CSI between AP antenna elements on a randomly selected horizontal row and STA. Therefore, overhead for CSI acquisition and required number of RF front ends are greatly decreased. Using AP antenna element on the th row, values of () that improves the system throughput are given bywhere ,  denote transmission rates of STA-1, STA-2 on the th subcarrier and the th row of AP antenna element.
4. Experimental Analysis
4.1. Experimental Environment
To clarify the effectiveness of the proposed scheme in the indoor static line-of-sight (LOS) environment, which demonstrates little network latency, we previously measured MIMO-OFDM channel matrices in our office (shown in Figure 5) by using our MIMO-OFDM testbed [23] based on IEEE802.11n standard. The height, width, and depth of our office are 3, 40, and 26 m, respectively. AP-1 and AP-2 set at opposite sides of our office as shown in Figure 5 for the purpose of evaluation and comparing large interference environments. Additionally, the existing office’s APs are placed in the same positions. We measured MIMO-OFDM channel matrices at many STA locations, which allow evaluation of a variety of interference states; see Figure 5. Note that the measured channel matrices include the effect of reflection from the concreate walls and metal lockers in our office. The configuration and parameters of our MIMO-OFDM testbed are shown in Figure 6 and Table 1. The transmitter transmits training signals including short and long preambles and the receiver estimates CSI from training signals. The measurements were centered at 4.85 GHz (matches our experimental wireless license). The bandwidth and the number of subcarriers are 20 MHz and 52, respectively. AP has two horizontal rows and eight vertical columns of patch antennas with vertical element spacing of 0.5 wavelengths. STA has two dipole antennas with horizontal element spacing of 0.5 wavelengths. The heights of AP and STA are 3 and 1 m, respectively. Figures 7(a)–7(f) show photographs at AP and STA antenna configurations and radiation patterns at 4.85 GHz, respectively. The total transmit power of each AP is 13 dBm.
Table 1: Measurement parameters.
	

	Parameter	Value
	

	Carrier frequency	4.85 GHz
	Bandwidth (subcarrier number)	20 MHz (52)
	Transmit power per AP	13 dBm
	AP	 
	    Antenna	Patch
	    Gain	9 dBi
	    Antenna element number per row	2
	    Antenna element number per column	8
	    Antenna element spacing	0.5 
	    Antenna height	3 m
	STA	 
	    Antenna	Dipole
	    Gain	2 dBi
	    Antenna element number per row	2
	    Antenna element number per column	1
	    Antenna element spacing	0.5 
	    Antenna height	1 m
	Beam-tilt-angle	0–50 deg.
	Transmit power attenuation	0–50 dB
	







	
	
		
			
			
			
			
			
		
		
		
			
		
			
			
			
			
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
				
		
		
			
				
		
		
		
			
		
		
			
		
		
		
			
		
		
			
		
		
			
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
	


Figure 5: Measurement environment.






	
	
		
		
		
		
		
		
		
			
		
			
		
		
			
		
		
		
			
		
			
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
	


Figure 6: Configuration of MIMO-OFDM testbed.






	
	
		
			
		
	


(a) AP antenna




	
	
		
			
		
	


(b) STA antenna




	
	
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
	


(c) Radiation pattern of AP antenna (E-plane)




	
	
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


(d) Radiation pattern of AP antenna (H-plane)




	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


(e) Radiation pattern of STA antenna (E-plane)




	
	
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


(f) Radiation pattern of STA antenna (H-plane)
Figure 7: Photographs and radiation patterns of AP and STA antennas.


4.2. Analysis of Beam-Tilt Switching
In this subsection, we indicate the effectiveness of beam-tilt switching and relevance of the experimental environment from the comparison between simulation and experimental results.
First of all, Figures 8(a)–8(f) plot the signal to noise power ratio (SNR) distributions when AP-1 uses the beam-tilt-angles of 0~50 degrees in the indoor simulation model via ray-trace. In this figure, we assume that dimensions are 40 m (long), 20 m (wide), and 3 m (high). Also the ceiling and side walls are made of 15 cm thick concrete. STA are set in a lattice pattern per m2 in this area. The complex relative permittivity of concrete is  and in all simulation the reflection number is 4 times. The noise power at STA is −90 dBm. Other parameters are the same as the experimental value as shown in Table 1. From this figure, we found that SNR distribution is greatly changed by the value of beam-tilt-angle. In other words, interference power from other AP is also greatly changed.




	
	
		
			
		
		
			
		
		
			
		
		
			
			
			
			
			
		
		
		
			
		
			
			
			
			
			
		
		
		
		
			
			
			
			
			
		
		
		
		
			
			
			
			
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
			
			
			
			
		
		
		
		
			
			
			
			
			
		
		
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 8: SNR distribution when  of AP-1 is set from 0 to 50 degrees.


On the other hand, Figure 9 shows SNR between AP-1, AP-2, and their own desired STA at the limited area as shown in Figure 5 versus angle of beam-tilt in the indoor experimental environment. SNR in this evaluation is the average value of SNR at each STA. From this result, it is found that SNR is maximized when angles of beam-tilt are set about 30 degrees in this environment. In addition, SNR is improved when the number of antenna elements increases. Concretely, SNR with beam-tilt is 1 (), 5 (), and 7 () dB higher than that without beam-tilt. Next, Figure 10 shows interference signal to noise power ratio (INR) between AP-1, AP-2, and nondesired STA versus angle of beam-tilt. Similar to Figure 8, INR is average value of INR at each STA. From this result, it is found that beam-tilt performs SNR improvement and ICI suppression even if in indoor environment. Figure 11 shows the SNR between AP-1 and all of STAs when beam-tilt angles were set to 0, 10, 20, 30, 40, and 50 degrees. Similar to results of Figures 9 and 10, beam-tilt changes the SNR performance. Moreover, we recognized that the tendency of the experimental result (Figure 8) and the simulation result (Figure 11) is close. Therefore, we consider that it is possible to evaluate the effectiveness of the proposed scheme by using the experimental evaluations in the limited area.




	
	
		
		
		
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
	


Figure 9: SNR versus angle of beam-tilt.






	
	
		
			
		
			
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
	


Figure 10: INR versus angle of beam-tilt.






	
	
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
				
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 11: SNR distribution per angle of beam-tilt ().


4.3. Analysis of the Proposed Scheme
Figure 12 shows the cumulative distribution function (CDF) of system throughput performances of adaptive beam-tilt switching, TPC, and both (proposal) with optimal and simple approaches. The plots cover the system throughputs for all STA locations. The CDF of the maximum power transmission at APs is also plotted as the conventional scheme. In this evaluation, we assume that AP has eight antenna elements () and varies angle of beam-tilt from 0 to 50 degrees in 5-degree steps, with transmission power attenuation from 0 to 50 dB in 5 dB steps. From the results, improvements of system throughput (50% CDF value) by using beam-tilt, power, and both controls are 2.8, 2.0, and 3.78 times higher than that of the maximum power transmission, respectively. Since the distance between APs is short in this environment (in other words, when ICI is large), the effectiveness of beam-tilt control is less than that of TPC. However, combining beam-tilt switching and TPC offers higher system throughput than just TPC.




	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
		
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
			
			
				
				
			
			
				
				
			
			
				
			
			
		
			
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
				
			
			
				
				
				
				
				
				
			
		
		
		
		
		
	


Figure 12: CDF of system throughput.


Figure 13 shows system throughput performances of the proposed scheme based on adaptive beam-tilt with TPC (10 and 50% CDF values) versus the column number of AP antenna elements. This result shows that the system throughputs on both optimal and simple approaches achieve increase with the column number of AP antenna elements. This is because SNR at the desired STA improves as the array gain increases. Then, system throughput with the simple approach is less than that with optimal approach because only one array column is selected from all rows at random. However, the system throughput penalty (50% value at CDF) by using the simple approach is so small. If this penalty is acceptable, the proposed scheme with the simple approach offers a significant reduction in CSI feedback overhead, the number of RF front ends, and calculation loads.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		
		
		
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
		
		
		
		
			
		
			
	


Figure 13: System throughput versus the number of AP antenna elements of vertical column.


5. Conclusions
In this paper, we experimentally evaluated the network-assisted interference suppression scheme using adaptive beam-tilt switching including TPC for WLAN systems. Also the proposed scheme has optimal and simple setting approaches for adaptive beam-tilt switching. Moreover, we introduced the frame sequence and CSI estimation method for implementation of the proposed scheme in WLAN systems. In order to clarify the effectiveness of the proposed scheme, we evaluated the proposed scheme by using MIMO channel matrices measured in our testbed of an office environment. The measurement results showed that the proposed scheme achieves higher system throughput, up to 30%, than just power control even in indoor office environments.
In future work, we will evaluate the proposed scheme in non-line-of-sight (NLOS) environments including the effect of people in order to expand the application area.
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