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Abstract 
 

WiFi Direct (WD) is a state of the art technology for a Device-to-Device (D2D) 
communication in 802.11 networks. The performance of the WD system can be significantly 
affected by some key factors such as the type of application, specifications of MAC and PHY 
layer parameters, and surrounding environment etc. It is, therefore, important to develop a 
system model that takes these factors into account. In this paper, we focus on investigating the 
design parameters of the PHY layer that could maximize the efficiency of the WD 802.11 
system. For this purpose, a basic theoretical model is formulated for a WD network under a 
2x2 Multiple In Multiple Out (MIMO) TGn channel B model. The design level parameters 
such as input symbol rate and antenna spacing, as well as the effects of the environment, are 
thoroughly examined in terms of path gain, spectral density, outage probability and Packet 
Error Rate (PER). Thereafter, a novel adaptive algorithm is proposed to choose optimal 
parameters in accordance with the Quality of Experience (QoE) for a targeted application. The 
simulation results show that the proposed method outperforms the standard method thereby 
achieving an optimal performance in an adaptive manner.  
 
 
Keywords: Device-to-Device, WiFi Direct, design parameters, system model, PHY layer, 
MIMO TGn channel B, adaptive, optimized, Quality of Experience 

 
 
https://doi.org/10.3837/tiis.2017.03.007                                                                                                                     ISSN : 1976-7277 

mailto:gz.khan@griffithuni.edu.au
mailto:r.gonzalez@griffith.edu.au


1374                                Khan et al.: On the Design of WD 80.11ac WLAN under a TGn MIMO  Multipath Fadding Channel 

1. Introduction 

In recent years, Device-to-Device (D2D) communication has emerged as one of the most 
promising technologies in popular wireless networks (i.e., cellular networks, Wi-Fi, Bluetooth, 
and, Zigbee etc). The D2D communication has several advantages such as increased spectral 
efficiency, high throughput, and reduced communication delay  [1]. In Wireless Local Area 
Networks (WLAN) 802.11, the D2D communication is achieved with the help of WiFi Direct 
(WD) technology  [2]. WD has a wide range of applications including but not limited to content 
sharing, network services sharing, local multimedia applications, video games, and proximity 
and location based services etc.  [3].  

The WD technology was developed by the WiFi alliance  [2]. It enables easy, quick, and 
direct communication between two or more nearby devices in the absence of an Access Point 
(AP). Point-to-point connectivity was already present in IEEE 802.11 standard  [4] as an 
ad-hoc network. However, this did not support device/service discovery and efficient power 
saving techniques. Similarly, Tunneled Direct Link Setup (TDLS) also allowed two WiFi 
devices to connect directly with each other  [5]. However, this requires all the devices that want 
to communicate with each other to be associated with the same AP. In contrast, there are no 
such restrictions in WD, making it the de facto technology for D2D communication in WiFi 
networks.  

IEEE 802.11ac  [6] is the latest standard in the 802.11 families and has been adopted by most 
new WiFi products  [7]. The 802.11ac standard achieves Very High Throughput (VHT) due to 
a number of new features such as increased channel bandwidth, higher Modulation and 
Coding Schemes (MCSs), and advanced Medium Access Channel (MAC) techniques. When a 
WD network incorporates the MAC and Physical (PHY) layers specifications of the 802.11ac 
standard, we refer to it as a WD 802.11ac network.  

Current literature on WD focuses on improving its high-level architecture and applications. 
This includes fast group formation, efficient power saving methods, and applications of WD in 
cellular data offloading etc. In this regard, Camps-Mur et al.   [8] presented an overview of the 
architecture and group formation methods for WD. Therein, the delays of the three main group 
formation methods in WD were experimentally compared. However, the authors did not 
consider the underlying technology (i.e., PHY layer and wireless channel) in their experiment. 
Similarly, in  [9] mobile data offloading onto network assisted D2D links between nearby user 
devices was investigated in which an analytical methodology and system level simulation 
were developed. The results showed an increased wireless capacity gain, improved degree of 
spatial reuse, and smaller interference. The authors in  [10] presented a Gilbert-Elliot model to 
analyze the performance of a loss model of a wireless channel between two mobile phones 
using the WD technology. However, the experiment was performed for User Datagram 
Protocol (UDP) packets without taking into consideration the PHY layer parameters. 
Similarly,  [11] evaluated the outage probability of a WD network under a Rayleigh fading 
environment for smart grid applications. The network was modeled as a Markov chain process 
and it was shown that the traffic intensity and the number of active devices could have a 
significant impact on the capacity in power save mode. However, this model assumes a 
general fading wireless channel, which is not directly applicable to WiFi or WD environment. 
In the same way, Xiaofeng et al.  [12] investigated  disruptions between mobile terminals due 
to user mobility. A Subscribe-and-Send architecture with an opportunistic forwarding protocol 
was proposed to share the contents among P2P users. Nonetheless, the protocol considers only 
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the application layer without taking into account the effects of the channel and other lower 
layers. 

The WiFi alliance set a general rule that the Quality of Service (QoS) of WD is based on the 
QoS of the standard WiFi  [7]. For example, the problem of unfairness among WD enabled 
devices can be solved by different approaches already present in the literature. One such 
approach is  [13], which achieves per-device fairness and service differentiation using MAC 
layer measurements such as the aggregate value of network-wide traffic load, per-device link 
usage, and per-device link error rate. In the same way, new concepts of resource allocation 
using relays from cellular communication  [14] can be used to enhance the QoS of a WD. 
However, it is important for the integration of the QoS algorithms from standard WiFi, as well 
as, cellular networks, to perform a detailed analysis of the underlying layers of the WD and the 
environment in which the communication takes place. Similarly, W. H. Kuo et al. present a 
Quality of Experience (QoE)-based link adaptation scheme for H.264/Scalable Video Coding 
(SVC) video streaming over IEEE 802.11 b/g wireless LANs  [15].  

It is also an established fact that most of the new wireless devices use Multiple In Multiple 
Out (MIMO) technologies to minimize errors and maximize capacity. The authors in  [16] 
present a comprehensive overview of the basic concepts of massive MIMO, and explain its 
challenges and opportunities, and explore contemporary research. Similarly, MU massive 
MIMO is also an emerging wireless technology wherein the deployment of large antennas in 
an efficient way is yet another practical challenge. For more details on MU massive MIMO 
communication systems using irregular antenna arrays, interested readers are encouraged to 
see  [17].  

There is a considerable amount of research on the effects of roving transmitters and 
receivers in WiFi. However, in this paper, we consider a typical office environment, having 
stationary transmitters and receivers within a dynamic physical environment. People moving 
around in the office, can substantially affect the ongoing wireless communication. Thus, we 
concentrate on the effects of the movement of surrounding objects instead of the transmitter 
and receiver. 

As WD 802.11ac has several potential applications in a small office environment, it 
becomes important to explore the performance of WD 802.11ac networks under MIMO 
multipath fading channels. To this end, our paper makes the following contributions: 

1) We formulate a theoretical system model that is closely related to the real world 
network scenario (i.e., WD 802.11ac network under a 2x2 MIMO multipath fading 
TGn channel B) in a typical office or residence. 

2) We explore the effects of different PHY layer parameters as well as the effects of the 
surrounding environment on the performance of WD 802.11ac network under a 2x2 
MIMO multipath fading TGn channel B. 

3) We quantify the performance loss in terms of path gain and outage probability that can 
be used as an adaptive model to achieve a targeted performance for QoS provisioning. 

4) A novel adaptive method is proposed to choose the PHY parameters that achieve an 
optimal performance in terms of QoE for a targeted application. 

 
The remainder of the paper is organized as follows. In Section 2, a brief overview of the 

802.11ac standard and WD technology is presented. Then, the system model is described in 
Section 3. Next, the simulation environment and results are discussed in Section 4. Finally, 
conclusions are drawn in Section 5. 
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2. Background 
In this section, we briefly describe the main features of the underlying technologies (i.e., 
802.11ac and the WD). 

2.1 IEEE 802.11ac 
Compared to IEEE 802.11a/g/n, the new 802.11ac variant supports higher MCS such as 
256-Quadrature Amplitude Modulation (QAM) with a coding rate of 5/6. Similarly, the 
number of spatial streams or antennas is increased from 4 in 802.11n  [18] up to 8 in 802.11ac 
at the PHY layer in Orthogonal Frequency Division Multiplexing (OFDM)-MIMO systems. In 
addition, with MU-MIMO in 802.11ac, it is possible to stream multiple data frames from an 
AP to multiple receivers at the same time  [6]. Previous IEEE standards, such as 802.11a/g/n 
have overcrowded the unlicensed band of 2.4GHz. Thus, 802.11ac operates only in the 5GHz 
band thereby decreasing interference in the 2.4GHz band. The 802.11ac standard provides 
increased bandwidth through channel aggregation techniques. As such, it supports a range of 
channel widths (i.e., 20MHz, 40MHs, 80MHz and 160 MHz) wherein a 40MHz channel is 
achieved by aggregating two 20 MHz either contiguous or non-contiguous channels. In the 
same way, 80MHz and 160MHz channels are obtained from aggregations of smaller channels. 

2.2 WiFi Direct (WD) 
WD is also known as Peer-to-Peer (P2P) WiFi  [2]. In WD, all communication takes place in a 
group which is called a P2P group. Generally, any two or more devices with WiFi cards and at 
least one with a WD capability can make a group and communicate with each other. In every 
P2P group, there is one P2P Group Owner (GO) and one or more client devices.Thus when 
two or more devices intend to start a D2D communication using WD protocol, they must first 
form a P2P group. For the sake of simplicity, we will use the terms group and GO for a P2P 
group and P2P Group Owner, respectively in the rest of the paper. 

2.2.1 P2P Group Formation 
In group formation, a negotiation is undertaken to determine which device will act as a GO 
and which device(s) will be a client(s). The GO must be a P2P WiFi device while the client can 
either be a P2P WiFi device or a regular WiFi device 1. The role of the GO is similar to the role 
of an AP. It transmits beacon frames that contain P2P Information Elements (IEs).  

The GO is required to run a Dynamic Host Configuration Protocol (DHCP) server to 
provide IP addresses to the clients. The group can cross connect to another external network 
(i.e., a 3G or an infrastructure network) through its GO. In addition, no bridging is allowed for 
cross connection. Therefore, the transfer is done at the network layer. However, a group can be 
extended by a P2P client to connect to another group. Similarly, the role of a GO cannot be 
transferred within the group. The group is torn down if the GO leaves the group. Furthermore, 
the devices in a group can communicate with each other for a single session or they can retain 
the memory of the session and link together each time they come into proximity, which is 
called a Persistent group. In addition, the group formation also aims to exchange Credentials 
(i.e., the information that is required to join a group as defined by WPS  [19] for a group). A 
group can be formed in any one of the three ways namely: standard, persistent and 

1 A P2P WiFi device is any device with WiFi card that also supports WD technology while a regular WiFi device is 
any device with only WiFi 802.11 protocol. 
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autonomous group formation methods. Once the group is formed, the GO and client(s) are 
ready to exchange data. For more details on group formation, refer to  [2]. 

2.2.2 Service Discovery and Power Management 
Service discovery is supported at layer 2 and can be used for many useful applications. This 
includes the advertisement of higher layer services such as Bonjour, UPnP (Universal Plug 
and Play), and Web Service Discovery  [20]. WD also provides power management 
mechanisms for reducing power consumption for all devices within a group while maintaining 
discovery capabilities. The realization of power savings, however, will depend on the settings 
of and interaction between devices in a given environment.  

2.2.3 Example Scenario  
There are a number of scenarios where WD technology is the most efficient and easiest option 
for D2D communication. For example: sharing data files between the devices that are in close 
proximity to each other, sharing services such as an office printer, streaming media in a 
home/office environment etc. One user case scenario is that of a speaker delivering a 
presentation during an office meeting. This is depicted in Fig. 1. where the presenter shares the 
presentation slides from his/her laptop and displays them on a TV or LCD screen using WD 
technology (The image in Fig. 1 has been captured from an animated video in  [21] and has 
been modified for our purpose.). In order to develop a system model that closely mimics a real 
application in a small office environment, our model consists of one GO and one client with 
the laptop being the client while the LCD screen is the GO. 

 
Fig. 1. WD network in a typical office 

3. System Model 

3.1 Model Description 
We develop a system model for the PHY layer of a WD 802.11ac wireless network under a 
multipath flat fading MIMO channel. The system considers an OFDM-MIMO multipath 
fading channel to avoid frequency selective fading. A set of WLAN channels was presented 
in  [22] for different environments. There are profiles proposed for channel models, labeled as 
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TGn A to F  [23]. These represent six different scenarios namely: flat fading, residential, 
residential/small office, typical office, large office, and large space (indoors and outdoors). 
Each channel model has a path loss model including shadowing, and a MIMO multipath 
fading model, which describes the multipath delay profile, the spatial properties, the K-factor 
distribution, and the Doppler spectrum. 

We chose the TGn channel model B for our system so that the proposed system is applicable 
to the office environment as shown in Fig. 1. Further, we consider one GO and one client. The 
client communicates with the GO using a WD protocol over an 802.11ac PHY layer. Both the 
GO and the client have two antennas for transmission and reception. Thus, the channel is a 2x2 
MIMO multipath fading TGn channel B. As a general rule, this channel model can be 
extended to any number of clients, as well as, lower or higher order MIMOs. In addition, each 
channel in 802.11ac is characterized by a particular number of taps with respect to the first 
path delay where the overlapping subset of these tap delays makes a cluster. In the case of 
model B, there are two clusters; cluster 1 corresponding to tap delays 0 to 40 ns (in steps of 10 
ns), while cluster 2 corresponding to tap delays 20 to 80 ns (also in steps of 10 ns). Hence, 
cluster numbers 1 and 2 respectively comprise 5 and 7 tap delays, overlapping in 3 tap delays 
(20, 30 and 40 ns). The number of taps, Root Mean Square (RMS) delay (σRMS), maximum 
delay (σMax), the number of clusters and standard deviation of shadow fading in the case of both 
Line of Sight and Non-Line of Sight (NLOS) for each model are listed in Table 1. 
 

Table 1.  TGn channel B pathloss model 802.11ac 
Parameter Value Parameter Value Parameter Value 

K for LOS (dB) 0 Shadow fading before LOS (dB) 3 σRMS (ns) 15 
K for NLOS (dB) - ∞ Shadow fading after NLOS (dB) 4 σMax (ns) 80 

Number of clusters 2 Number of taps 9 dBP (m) 5 
 

The system model is depicted in Fig. 2, where a client is working as a transmitter (Tx) and a 
GO is the receiver (Rx). Furthermore, the client (Tx) has two transmit antennas (i.e., Tx1 and 
Tx2) whereas the GO (Rx) has two receive antennas namely: Rx1 and Rx2. The link between 
the transmit antenna i (Txi) and the receive antenna j (Rxj) is indicated by Txi-Rxj. We will use 
the same notations throughout this paper. However, for the sake of simplicity and due to space 
constraints, we have not shown all sub-blocks of the Tx and Rx. Also, only four blocks (i.e., 
digital modulation (Mod), Inverse Fast Fourier Transform (IFFT), pilot insertion, and Digital 
to Analog (D/A)) are illustrated. The diagram in Fig. 2 is  used as a reference and for the sake 
of naming convenience. For a complete Tx and Rx diagrams with all the sub-blocks, we 
recommend  [6].  

 
Fig. 2. A system model framework 
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3.2 Proposed System Model 
The multipath fading 2x2 MIMO channel of a WD 802.11ac network for TGn channel B is 
derived from the transmit and receive correlation matrices  [24]. The transmit and receive 
correlation matrices associated with each tap delay are determined from the Mean Angle of 
Arrival (AoA), Mean Angle of Departure (AoD), Angular Spread (AS) at transmitter and AS 
at receiver. The LOS component can only be present on the 1st tap. If the distance between the 
Tx and the Rx is greater than dBP then LOS component is not present. Note that dBP is the 
break-point distance or distance of the fist wall (i.e., the distance of the Tx from the first 
reflector). The dBP for channel model B is listed in Table 1. 

The path loss model considers the free space loss LFS (slope of 2) up to dBP and slope of 3.5 
after dBP  [25]. For each of the models, a different breakpoint distance dBP was chosen as shown 
in Eq. (1). 
 

 
𝐿𝐿(𝑑𝑑) = �
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𝑑𝑑
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� + 𝜒𝜒𝜎𝜎     𝑖𝑖𝑖𝑖 𝑑𝑑 >  𝑑𝑑𝐵𝐵𝐵𝐵   
(1) 

 
where d shows the distance between the Tx and the Rx while  𝜒𝜒𝜎𝜎 indicates a zero-mean, 
Gaussian random variable, with standard deviation, σ (in dB), added to the path loss. It is used 
to model the shadow fading, or log-normal shadowing. The values were found to be in the 3-14 
dB range  [26]. Similarly, the zero-mean Gaussian probability distribution is given by Eq. (2). 
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The 2x2 MIMO channel matrix H for each tap, at one instance of time, under a channel B 
delay profile can be represented as a sum of two matrices namely: fixed (constant, LOS) 
matrix and a Rayleigh (variable, NLOS) matrix as illustrated in Eq. (3). 

 
𝐻𝐻 = √𝑃𝑃��

𝐾𝐾
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1
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𝐻𝐻𝑉𝑉� (3) 

where P is the power of each tap obtained by summing all the power of LOS and NLOS 
powers, K is the Ricean K-factor. The HF and HV in Eq. (3)  can be extended for 2x2 MIMO as 
follows in Eq. (4-5): 

 𝐻𝐻𝐹𝐹 = �𝑒𝑒
𝜙𝜙11 𝑒𝑒𝜙𝜙12
𝑒𝑒𝜙𝜙21 𝑒𝑒𝜙𝜙22

�  (4) 

 
 𝐻𝐻𝑉𝑉 = �𝑋𝑋11 𝑋𝑋12

𝑋𝑋21 𝑋𝑋22
�   (5) 

where eϕ𝑖𝑖𝑖𝑖  shows the constant elements of LOS matrix HF whereas Xij  represents the element 
of variable NLOS Rayleigh matrix HV between ith receiving and jth transmitting antenna. It is 
assumed that Xij is a complex Gaussian random variable with zero mean and unit variance. 

In order to correlate the Xij elements of the matrix HV, Eq. (6) is used. 
 [𝑋𝑋] = [𝑅𝑅𝑟𝑟𝑥𝑥]1/2 × [𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖]  ×  [𝑅𝑅𝑡𝑡𝑥𝑥]1/2 (6) 
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where Rtx and Rrx are the receive and transmit correlation matrices, respectively, and Hiid  is a 
complex Gaussian random variable. All these Gaussian random variables are supposed to be 
identically independent with zero mean, unit variance. In addition, the Rtx and Rrx are given by 
Eq. (7) and Eq. (8), respectively. 

 [𝑅𝑅𝑡𝑡𝑥𝑥] = �𝜌𝜌𝑡𝑡𝑥𝑥𝑖𝑖𝑡𝑡�  
(7) 

 
 

 
[𝑅𝑅𝑟𝑟𝑥𝑥] = �𝜌𝜌𝑟𝑟𝑥𝑥𝑖𝑖𝑡𝑡�  

(8) 

 

where ρtxij are the complex correlation coefficients between ith and jth transmitting antennas, 
and ρrxij are the complex correlation coefficients between ith and jth receiving antennas. 

Alternatively, we use another approach i.e., the Kronecker product of the transmit and 
receive correlation matrices Eq. (9) to calculate X. 

 
[𝑋𝑋] = ([𝑅𝑅𝑡𝑡𝑥𝑥] ⨂[𝑅𝑅𝑟𝑟𝑥𝑥])1/2  ×  [𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖] 

(9) 

 

It can be seen that Hiid is an array in this case instead of matrix. The Rtx and Rrx matrices are 
given in Eq. (10) and Eq. (11), respectively. 

 𝑅𝑅𝑡𝑡𝑥𝑥 = � 1 𝜌𝜌𝑡𝑡𝑥𝑥12∗
𝜌𝜌𝑡𝑡𝑥𝑥21 1 �   (10) 

 
 𝑅𝑅𝑟𝑟𝑥𝑥 = � 1 𝜌𝜌𝑟𝑟𝑥𝑥12∗
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The values of complex correlation coefficient 𝜌𝜌 are calculated from power angular 
spectrum (PAS), AS, mean AoA, mean AoD and individual tap powers  [23], [27]. 
Consequently, for the Uniform Linear Array (ULA), the complex correlation coefficient at the 
linear antenna array is expressed as shown in Eq. (12). 

 𝜌𝜌 = 𝑅𝑅𝑋𝑋𝑋𝑋(𝐷𝐷) + 𝑗𝑗𝑅𝑅𝑋𝑋𝑋𝑋(𝐷𝐷)  (12) 
 

where 𝐷𝐷 = 2𝜋𝜋𝑖𝑖
𝜆𝜆

 , and 𝑅𝑅𝑋𝑋𝑋𝑋and 𝑅𝑅𝑋𝑋𝑋𝑋 are the cross-correlation functions between the real parts 
and between the real part and imaginary part, respectively. The equations for 𝑅𝑅𝑋𝑋𝑋𝑋 and 𝑅𝑅𝑋𝑋𝑋𝑋 are 
given in Eq. (13) and Eq. (14), respectively.  
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𝜋𝜋
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𝑅𝑅𝑋𝑋𝑋𝑋(𝐷𝐷) = � sin (𝐷𝐷𝐷𝐷𝑙𝑙𝐷𝐷(𝜙𝜙)_𝑃𝑃𝑃𝑃𝑃𝑃(𝜙𝜙)𝑑𝑑𝜙𝜙
𝜋𝜋

−𝜋𝜋
 (14) 

We calculate the correlation coefficients matrices using a uniform Gaussian PAS shape  [23]. 
Once we have the channel matrix H, we calculate the output symbol matrix Y given the input 
symbol matrix X as Y=HX+W. The expression for a 2x2 MIMO system can be formulated as 
illustrated in Eq. (15)  [28]. 

 �
𝑦𝑦1
𝑦𝑦2� = �ℎ11 ℎ12

ℎ21 ℎ22
� �
𝑥𝑥1
𝑥𝑥2� +�

𝑤𝑤1
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where y1 and y2 are the output symbols received at antennas Rx1 and Rx2 respectively. 
Similarly, w1  and w2 are the  noise components at antennas Rx1 and Rx2 respectively, whereas  
x1 and x2 are the input symbols transmitted from antennas Tx1 and Tx2 respectively. In the same 
way, hij is the channel coefficient for link Txi-Rxj. 

Now we calculate the expected average Signal to Noise Ratio (SNR) at the GO based on the 
pathloss model defined in Eq. (1) for TGn Channel B. We assume that the client transmits with 
a transmit power of 5 dBm, and the receive sensitivity (or signal detection threshold) at the GO  
is −90 dBm. Furthermore, we ignore the presence of any other external interference. 
Thereafter, the SNR values for different distance values d between the GO and client are 
calculated as illustrated in Table 2. 
 

Table 2. SNR values for diffrenet distances for a TGn channel B 
d (m) 1 3 6 9 12 15 21 … 30 … 46 

SNR (dB) 48 38.5 32.5 29 25 22 16 … 9 … 5 
 

The Quality of Experience (QoE) is defined as the overall acceptability of an application or 
service, as perceived subjectively by the end-user  [29]. The QoE is a subjective measurement 
that includes the complete end-to-end system effects (client, terminal, network, services 
infrastructure). In order to assess the QoE, a Mean Opinion Score (MOS) is used. The MOS 
test specified by International Telegraph Union-Telecommunication (ITU-T) is shown in 
Table 3. We consider five types of applications (i.e., A5 – A1) that run on our system. Each of 
these applications requires a different level of QoE. 
 

Table 3. Mean Opinion Score  

MOS Quality Impairment PER(%) Application 

5 Excellent Imperceptible 0-20 A5 
4 Good Perceptible but not annoying 21-40 A4 
3 Fair Slightly annoying 41-60 A3 
2 Poor Annoying 61-80 A2 
1 Bad Very annoying 81-100 A1 

 
While QoE is a subjective measurement that is highly dependent on a complex assortment 

of network, application and human factors, in this paper as a first order approximation we use 
PER in the ranges shown in Table 3 as a rough indicator of QoE such as  [30]. Fixing the design 
parameters for the given system, so that the only parameters that can be chosen to adapt the 
performance of the system in accordance with the given QoE include MCS, SNR, and distance 
of transmitter and receiver. It permits the relationship between SNR and distance d be 
calculated from Eq. (1) and the Table 2 as shown in Eq. (16). 

 
𝑑𝑑 = 𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑡𝑡(𝑃𝑃𝑆𝑆𝑅𝑅)  

(16) 

 

Now we formulate the adaptive optimized function 𝑖𝑖𝐴𝐴𝑖𝑖(.) to calculate the parameters that 
achieve the optimal QoE for a targeted application Ai as shown in Eq. (16). These parameters 
include minimum SNR (SNRmin), maximum SNR (SNRmax), minimum distance between GO 
and client (dmin), maximum distance between GO and client (dmax), and MCS.   
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 𝑂𝑂𝑝𝑝𝑂𝑂𝑖𝑖𝑂𝑂𝑂𝑂𝑙𝑙 𝑝𝑝𝑂𝑂𝑝𝑝𝑂𝑂𝑂𝑂𝑂𝑂𝑒𝑒𝑝𝑝𝐷𝐷 = 𝑖𝑖𝐴𝐴𝑖𝑖(𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑖𝑖𝑚𝑚 , 𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑚𝑚𝑥𝑥  ,𝑑𝑑𝑚𝑚𝑖𝑖𝑚𝑚 ,𝑑𝑑𝑚𝑚𝑚𝑚𝑥𝑥 ,𝑀𝑀𝑀𝑀𝑃𝑃) ∀ 𝐀𝐀𝐢𝐢 𝑂𝑂𝐷𝐷𝑑𝑑 MCSj (17) 

where i={1,2,3,4,5} and j={0,1,2,...,8}and MCSj indicates one of the nine MCS defined for a 
2x2 MIMO-OFDM WD system under a 20MHz bandwidth TGn B channel.  

In order to calculate the optimal values, we define a matrix 𝑅𝑅 ∈ ℝ𝑚𝑚×𝑚𝑚 that represents the 
range of SNR values for a where m and n indicate the number of applications and number of 
MCS, respectively. The element Rij indicates SNR range for application Ai and MCSj. We 
have calculated the values of Rij for application Ai and MCS MCSj from our simulation setup 
as illustrated in Table. 5. The optimized values are calculated in Eq. (18-22). 
 

𝐀𝐀𝟓𝟓: 
        𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑖𝑖𝑚𝑚 = 0 , 𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑚𝑚𝑥𝑥 = 𝑅𝑅1𝑡𝑡 − 1, 𝑀𝑀𝑀𝑀𝑃𝑃 = MCSj 

𝑑𝑑𝑚𝑚𝑖𝑖𝑚𝑚 = 𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑡𝑡(𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑖𝑖𝑚𝑚) , 𝑑𝑑𝑚𝑚𝑚𝑚𝑥𝑥 = 𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑡𝑡(𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑚𝑚𝑥𝑥)  
(18) 

 

𝐀𝐀𝟒𝟒:        𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑖𝑖𝑚𝑚 = 𝑅𝑅𝑖𝑖𝑡𝑡  , 𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑚𝑚𝑥𝑥 = 𝑅𝑅1𝑡𝑡 + 𝑅𝑅2𝑡𝑡 − 1, 𝑀𝑀𝑀𝑀𝑃𝑃 = MCSj 

𝑑𝑑𝑚𝑚𝑖𝑖𝑚𝑚 = 𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑡𝑡(𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑖𝑖𝑚𝑚)  , 𝑑𝑑𝑚𝑚𝑚𝑚𝑥𝑥 = 𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑡𝑡(𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑚𝑚𝑥𝑥)  
(19) 

 

𝐀𝐀𝟑𝟑:         𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑖𝑖𝑚𝑚 = 𝑅𝑅1𝑡𝑡 + 𝑅𝑅2𝑡𝑡 , 𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑚𝑚𝑥𝑥 = 𝑅𝑅1𝑡𝑡 + 𝑅𝑅2𝑡𝑡 + 𝑅𝑅3𝑡𝑡 − 1, 𝑀𝑀𝑀𝑀𝑃𝑃 = MCSj 

𝑑𝑑𝑚𝑚𝑖𝑖𝑚𝑚 = 𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑡𝑡(𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑖𝑖𝑚𝑚)  , 𝑑𝑑𝑚𝑚𝑚𝑚𝑥𝑥 = 𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑡𝑡(𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑚𝑚𝑥𝑥)  
(20) 

 

𝐀𝐀𝟐𝟐: 
 𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑖𝑖𝑚𝑚 = 𝑅𝑅1𝑡𝑡 + 𝑅𝑅2𝑡𝑡 + 𝑅𝑅3𝑡𝑡  , 𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑚𝑚𝑥𝑥 = 𝑅𝑅1𝑡𝑡 + 𝑅𝑅2𝑡𝑡 + 𝑅𝑅3𝑡𝑡 + 𝑅𝑅4𝑡𝑡 − 1,   

𝑀𝑀𝑀𝑀𝑃𝑃 = MCSj , 𝑑𝑑𝑚𝑚𝑖𝑖𝑚𝑚 = 𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑡𝑡(𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑖𝑖𝑚𝑚)  , 𝑑𝑑𝑚𝑚𝑚𝑚𝑥𝑥 = 𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑡𝑡(𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑚𝑚𝑥𝑥)  
(21) 

 
 

𝐀𝐀𝟏𝟏: 

        𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑖𝑖𝑚𝑚 = 𝑅𝑅1𝑡𝑡 + 𝑅𝑅2𝑡𝑡 + 𝑅𝑅3𝑡𝑡 + 𝑅𝑅4𝑡𝑡  ,   

𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑚𝑚𝑥𝑥 = 𝑅𝑅1𝑡𝑡 + 𝑅𝑅2𝑡𝑡 + 𝑅𝑅3𝑡𝑡 + 𝑅𝑅4𝑡𝑡 + 𝑅𝑅5𝑡𝑡 − 1, 𝑀𝑀𝑀𝑀𝑃𝑃 = MCSj 

𝑑𝑑𝑚𝑚𝑖𝑖𝑚𝑚 = 𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑡𝑡(𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑖𝑖𝑚𝑚)  , 𝑑𝑑𝑚𝑚𝑚𝑚𝑥𝑥 = 𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑡𝑡(𝑃𝑃𝑆𝑆𝑅𝑅𝑚𝑚𝑚𝑚𝑥𝑥) 

 

(22) 

 

 

4. Simulation Results and Discussions 

4.1 Simulation Environment 
We have implemented the PHY layer of WD 802.11ac in Matlab with the given parameters as 
defined in  [6],  [23]. In order to implement MIMO channel B in NLOS mode, the physical 
parameters are used from Table 4 for clusters 1 and 2 in our simulation setup. As illustrated in 
Table 4, there are nine Rayleigh-fading paths, and each path has a bell Doppler spectrum with 
default parameters from  [23]. 
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Table 4. Parameters of TGn Channel B Model 
Tap index 1 2 3 4 5 6 7 8 9 

Excess Delay (ns) 0 10 20 30 40 50 60 70 80 

C
lu

st
er

 #
 1

 

Power (dB) 0 -5.4 -10.8 -16.2 -21.7 −∞ −∞ −∞ −∞ 
AoA Tx 
(degree) 4.3 4.3 4.3 4.3 4.3 −∞ −∞ −∞ −∞ 

AS (degree) 14.4 14.4 14.4 14.4 14.4 −∞ −∞ −∞ −∞ 

AoD (degree) 255.1 255.1 255.1 255.1 255.1 −∞ −∞ −∞ −∞ 
AS Rx  

(degree) 14.4 14.4 14.4 14.4 14.4 −∞ −∞ −∞ −∞ 

C
lu

st
er

 #
 2

 

Power (dB) −∞ −∞ -3.2 -6.3 -9.4 -12.5 -15.6 -18.7 -21.8 
AoA Tx 
(degree) −∞ −∞ 118.4 118.4 118.4 118.4 118.4 118.4 118.4 

AS (degree) −∞ −∞ 25.2 25.2 25.2 25.2 25.2 25.2 25.2 

AoD (degree) −∞ −∞ 106.5 106.5 106.5 106.5 106.5 106.5 106.5 

AS Rx 
(degree) −∞ −∞ 25.4 25.4 25.4 25.4 25.4 25.4 25.4 

 

4.2 Results and Discussions 
In this section, we describe the impact of the design parameters (i.e., input symbol rate, 
adjacent antenna spacing of transmitter and receiver and Doppler shift) on the performance of 
WD 802.11ac networks under a 2x2 MIMO TGn B channel. Afterwards, the proposed method 
is applied to the given system. 

4.2.1 Effects of Input Symbol Rate 
IEEE 802.11ac uses OFDM to transmit the data over the air. The OFDM divides the available 
wider bandwidth (i.e., 20MHz, 40MHz, 80MHz or 160MHz) into smaller slower channels that 
are also called subcarriers or tones. This process is achieved through a mathematical operation 
known as an Inverse Fast Fourier Transform (IFFT). All the subcarriers created by the IFFT in 
802.11ac are 312.5 KHz wide each. The Number of Subcarriers (NSC) is thus calculated as 
NSC = channel_Bandwith/(312.15*103) where channel_Bandwith indicates the bandwidth of 
the channel. The input symbol rate or baud rate for each subcarrier in the OFDM based WD 
802.11ac network is defined as the number of symbols per unit time. The input symbol rate can 
greatly affect the impulse response in a wireless environment. To investigate the impact of a 
range of symbol rates, we take three different symbol rates (i.e., a low symbol rate (102), a 
medium symbol rate (103), and a higher symbol rate (104)). 

As shown in Fig. 3(a), the fading envelope at antenna Rx1 for path 1 of link Tx1-Rx1 and link 
Tx2-Rx1 is unstable and highly cross-correlated at the lower symbol rate. On the other hand, 
when we increase the symbol rate to medium and higher levels as shown in Fig. 3(b-c), the 
probability of interference is reduced resulting in high performance.  
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Fig. 3. Fading envelope and PSD for Links Tx1-Rx1 and Tx2-Rx1 with different symbol rate 
 

Similarly, Fig. 3(d) represents the Power Spectral Density (PSD) for all the three levels of 
symbol rates along link Rx1-Tx1. The average PSD for the higher symbol rate is greater than 
that of the medium symbol rate. A similar trend can be seen for PSD of the medium symbol 
rate as compared to that of the lower symbol rate. Hence, increasing the input symbol rate can 
significantly increase the PSD. 

4.2.2 Effects of Adjacent Antenna Spacing 
In order to observe the impact of adjacent antenna spacing both at Tx and Rx, we simulate the 
model with two different sets of antenna spacing (i.e., λ/2 and 3λ). As shown in Fig. 4(a), there 
is a high cross-correlation between the signals at receiver antenna Rx1 received from 
transmitter antennas Tx1 and Tx2 when the adjacent antenna spacing is λ/2. On the other hand, 
when the adjacent transmitter and receiver antenna spacing is increased to 3λ, the interference 
between the received signals is reduced as shown in Fig. 4(b). 

Next, we repeat the simulations for different combinations of Tx and Rx antenna spacings 
and calculate the PER for different configurations. As shown in Fig. 5, the PER is 1 for all 
combinations of antenna spacings when the SNR is below 10 dB. Similarly, the PER remains 0 
for all configurations after 30 dB SNR. However, when SNR is between 10-30 dB, the PER 
drop is different for different Tx and Rx spacings. When the spacing between both Tx antennas 
and Rx antennas is increased from λ/2 to 3λ, the PER is decreased by almost 10%. Alternately, 

(a) (b) 

(c) (d) 
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the PER is decreased by almost 11% when Tx1-Tx2=3λ and Rx1-Rx2=λ/2 as compared to the 
case when Tx1-Tx2=λ/2 and Rx1-Rx2=3λ. 
 

  
 

Fig. 4. Fading envelope for links Tx1-Rx1 and Tx2-Rx1 with antenna spacing of 0.5λ and 3λ 

 
Fig. 5. PER for different configurations of Tx and Rx antenna spacings 

4.2.3 Effects of Doppler Shift 
As we are considering a TGn channel B that represents a typical small office environment, 
there is a reduced likelihood of Tx or Rx mobility relative to an outdoor environment. 
However, there is a high likelihood of other objects such as people moving within the 
environment. Therefore we use a function known as S(f) to capture the temporal Doppler 
component. The normalized bell Doppler spectrum can be calculated from Eq. (23) that was 
derived in  [22]. 

 𝑃𝑃(𝑖𝑖) =
𝑀𝑀𝑏𝑏

1 + 𝑃𝑃 �𝑖𝑖𝑖𝑖𝑖𝑖
�
2 (23) 

(a) (b) 
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where A is a constant, used to define the 0.1 S( f ) , at a given frequency fd , being the Doppler 
Spread. 

 (𝑃𝑃(𝑖𝑖))|𝑓𝑓=𝑓𝑓𝑑𝑑 = 0.1 (24) 
 
Thus A=0.9. and Cb = √A

πfd
 

The Doppler spread fd is defined in Eq. (25). 
 𝑖𝑖𝑖𝑖 =

𝑣𝑣0
𝜆𝜆

 (25) 

where v0 is the environmental speed determined from measurements that satisfy Eq. (23), and 
λ is the wavelength defined by Eq. (26) 

 𝜆𝜆 =
𝐷𝐷
𝑖𝑖𝑐𝑐

 (26) 

 
where c is the light speed and fc is the carrier frequency. The value for the proposed v0 is 
equal to 1.2 km/h. In fact, fd values, experimentally determined in indoor environments, 
were found to be up to approximately 6 Hz at 5.25 GHz center frequency. 

In order to investigate the impact of moving objects on the performance of a WD 802.11ac 
network under a 2x2 MIMO TGn B channel, we calculate all possible Doppler shifts using a 
5GHz carrier frequency. The Doppler shift turns out to be in the range of 1 Hz to 6 Hz for the 
TGn B channel model. Fig. 6(a)-(b) represent the fading envelope at antenna Rx2 for path 1 of 
link Tx1-Rx2 and link Tx2-Rx2. As shown in Fig. 6(a), the paths look more stable and there is 
less interference between the received signals in case of 1Hz Doppler shift as compared to the 
same fading envelope where the Doppler shift is 6 Hz, as shown in Fig. 6(b). Thus, the 
channel becomes worse when the Doppler shift changes from 1 Hz to 6 Hz. Consequently, this 
reflects the movement of objects in the real world. 

  
 
 

Fig. 6. Fading envelope for links Tx1-Rx2 and Tx2-Rx2 with Doppler shift of 1Hz and 6Hz 

 
We also calculate the outage probability (Pout) of all links between a GO and client. It is 

calculated as shown in Eq. (27). 
 𝑃𝑃𝑜𝑜𝑜𝑜𝑡𝑡 =

𝜔𝜔
𝑆𝑆𝑡𝑡𝑜𝑜𝑡𝑡𝑚𝑚𝑡𝑡

 (27) 

where 𝑆𝑆𝑂𝑂𝑙𝑙𝑂𝑂𝑂𝑂𝑙𝑙 is the total number of received channel samples, and 𝜔𝜔 is the cardinality of 𝑆𝑆𝑂𝑂ℎ 

(a) (b) 
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received samples such that 𝑆𝑆𝑂𝑂ℎ = {𝑥𝑥 |𝑥𝑥 ∈ [1,𝑆𝑆𝑡𝑡𝑜𝑜𝑡𝑡𝑚𝑚𝑡𝑡]⋀𝑥𝑥 < 𝑇𝑇ℎ}. The 𝑇𝑇ℎ is the threshold power in 
dB; its value is fixed at -5dB for our simulation. Table 5 illustrates the values of Pout for all 
possible four links (i.e., Tx1-Rx1, Tx1-Rx2, Tx2-Rx1, and Tx2-Rx2). The Pout increases as we 
increase the Doppler shift for all links. There is 38.53% loss when fd=1 Hz, which rises to 
46.67% for fd=6 Hz. Furthermore, for 1Hz increase in fd, there is a loss of 1.56% on average. It 
is worth noting that the loss will decrease if the threshold Th is decreased from -5dB. Similarly, 
Fig. 7 represents the outage probability of all links with respect to Doppler shift. The Pout for 
all links increases with an increase in fd. This is because the frequency shift causes problems in 
detecting the original symbols at the GO. 
 

Table 5. Outage probability of all links w.r.t Doppler shift 
fd  

(Hz) 
Pout with Threshold (Th = - 5dB) Loss  

Tx1-Rx1 Tx1-Rx2 Tx2-Rx1 Tx2-Rx2 Average % 
1 0.3758 0.4042 0.3700 0.3912 0.3853 38.53 
2 0.4052 0.4337 0.3973 0.4248 0.4153 41.53 
3 0.4281 0.4539 0.4197 0.4513 0.4383 43.83 
4 0.4541 0.4643 0.4363 0.4620 0.4542 45.42 
5 0.4631 0.4681 0.4476 0.4739 0.4632 46.32 
6 0.4667 0.4676 0.4709 0.4507 0.4776 46.67 

 
 

 
Fig. 7. Outage probability of all links with different Doppler shifts 

4.2.4 Adaptive Optimized QoE  
This section discusses the implementation of an QoE adaptation strategy for our system. As 
discussed in Sections 4.2.1 - 4.2.3, the design parameters (i.e., input symbol rate, the antenna 
spacing, as well as the effects of the environment in the form of Doppler shift) can greatly 
change the system performance. Thus, we propose a new adaptive optimized strategy to cope 
with such system degradation. Given our 2x2 MIMO-OFDM WD system with a 20MHz 
channel bandwidth under a TGn channel B, we calculate the PER for available MCS0-MCS8 as 
shown in Fig. 8. The PER for all MCSs decreases as we increase the SNR value, however, it is 
less for lower MCS as compared to higher MCS. 
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Fig. 8. PER for different MCS in 20MHz bandwidth 

 

Table 5. Range (R) of SNR for different MCS under different applications 
           MCS 

 
Application 

MCS0 MCS1 MCS2 MCS3 MCS4 MCS5 MCS6 MCS7 MCS8 

A5 29 24 20 17 13 9 6 3 2 
A4 2 2 4 4 3 3 4 3 3 
A3 2 2 1 1 2 3 2 5 3 
A2 2 2 3 2 4 2 3 3 2 
A1 6 11 13 17 19 24 26 27 31 

 
Let us now apply the proposed adaptive optimized method to the given system. We assume 

two scenarios. In scenario-1, the GO and the client are 10m apart while in scenario-2, they are 
30m apart. We calculate the MOS values for five different applications (A1-A5) using the 
standard and our proposed method. The standard method refers to the regular WD 802.11 
protocol  [2] that chooses the MCS based on SNR values  [4]. Since the implementation of the 
standard method may vary with different vendors, we choose the average value of PER 
obtained from all MCS for a particular SNR value. On the other hand, the proposed method 
adaptively chooses the optimized MCS and distance between the GO and the client based on 
the type of the application that in turns define a required QoE in terms of PER values as 
illustrated in Table 3. Consequently, we compare the performance of the standard and the 
proposed methods with an ideal case in terms of QoE values for a particular application. 

4.2.4.1 Scenario-1  
In this scenario, the GO and client are placed 10m apart. Thus SNR=28dB for d=10m as per 
Table 2. Fig. 9 shows the QoE for the standard and proposed methods compared to the ideal 
case for five different applications (A5-A1) with ±5% error bar graphs. The QoE for the 
standard method remains 3.6 irrespective of the application. However, the proposed method 
achieves a QoE that is within 5% of the ideal case. As shown in Fig. 9, the standard method 
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results in degraded quality for A5 and A4 while wasting network resources in case of A3, A2, 
and A1.  In contrast, the proposed method optimally adapts its MCS resulting in a QoE which 
is quite close to the ideal case as shown by the ±5% error bars.   

 
Fig. 9. QoE of five applications for the three methods for Scenario-1 

4.2.4.2 Scenario-2  
In the second scenario, the SNR=9dB at the GO according to Table 2. The performance of the 
given system is calculated under both methods relative to the ideal case is shown in Fig. 10. 
We observe that the standard method achieves QoE =1.27 for all the applications. In this case, 
the standard method performs better for A1 but its performance substantially degrades for A2, 
A3, A4, and A5. In contrast, the proposed method achieves optimum performance by adapting 
an optimal distance d of 21 m or equivalently SNR=16dB and chooses the appropriate MCSs 
in order to follow the ideal case as shown by ±7 error bars in Fig. 10.  

 
Fig. 10. QoE of five applications for the three methods for Scenaio-2 
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In a nutshell, the proposed scheme improves the performance of a 2x2 MIMO-OFDM WD 

system with a 20MHz channel bandwidth under a TGn channel B. This is achieved by 
incorporating a novel QoE based algorithm that takes into account the key paramters such as 
MCS, PER, SNR, and the dstance d between the GO and the client. The proposed method 
adaptibley chooses an optimized MCS and distance d for five different applications. The 
results shown in Fig. 9 and Fig. 10 clearly illustrate that the proposed method outperforms the 
standard method. The two given scenarios are chosen such that a wide range of user cases can 
be imitated. In future work, the proposed method can also be extended to different seniors for 
other applications with different QoE requirements. 

5. Conclusion 
This paper investigated the design choices of a WD 802.11ac network under a MIMO 
multipath fading TGn B channel and thereafter proposed a novel adaptive algorithm that 
achieves optimal QoE for a particular application. To this end, a theoretical model was 
formulated for a 2x2 MIMO-OFDM under a TGn B channel. The design parameters such as 
input symbol rate and antenna spacing, as well as, the effects of the moving objects in the 
surrounding environment are examined for the given system.  It was observed that the power 
of the received signal can be improved by almost 10dB if the input symbol rate is increased 
from low symbol rate (102) to a higher input symbol rate (104). Similarly, the system 
performance can be enhanced up to 10% in terms of decreased PER if the spacing between two 
antennas at both the transmitter and receiver is increased from λ/2 to 3λ. In addition, the 
investigations revealed that the loss due to the moving objects in the surrounding environment 
could substantially degrade the performance of the system that may reach up to 43.71% on 
average for a given threshold of the receiving power. Based on simulation results, a novel 
method is proposed that adapts the MCS, SNR, and the distance between the transmitter and 
the receiver in accordance with the required QoE for a targeted application. It was shown 
through simulation results that the proposed method performs much better than the standard 
method in choosing the PHY parameters. 
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