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 The IEEE 802.11ay wireless communication standard consents gadgets to 

link in the spectrum of millimeter wave (mm-Wave) 60 Giga Hertz band 

through 100 Gbps bandwidth. The development of promising high 

bandwidth in communication networks is a must as QoS, throughput and 

error rates of bandwidth-intensive applications like merged reality (MR), 

artificial intelligence (AI) related apps or wireless communication boggling 

exceed the extent of the chronic 802.11 standard established in 2012. Thus, 

the IEEE 802.11ay task group committee has newly amended recent 

physical (PHY) and medium access control (MAC) blueprints to guarantee a 

technical achievement especially in link delay on multipath fading channels 

(MPFC). However, due to the congestion of super bandwidth intensive apps 

such as IoT and big data, we propose to diversify a propagation delay to 

practical extension. This article then focuses on a real-world situation and 

how the IEEE 802.11ay design is affected by the performance of mm-Wave 

propagation. In specific, we randomize the unstable MPFC link capacity by 

taking the divergence of congested network parameters into account. The 

efficiency of congested MPFC-based wireless network is simulated and 

confirmed by advancements described in the standard. 
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1. INTRODUCTION 

 Currently, the increment of wireless communication gadgets reflects the fluctuation of network traffic 

and drives huge demands on the millimeter wave (mm-Wave) band to attain healthier performance and mitigate 

congestion problems of wireless mechanisms [1]. Consequently, there are constant developments in 

appreciating the 5G mobile networks which are anticipated to support thousand times faster in fundamentally 

transferring than the traditional 4G [2]. However, wireless networks in this band are particularly provoking 

compared to microwave band based wireless operation. IEEE 802.11ay is a multi Gbps-wireless network 

convention at 60 GHz band (that is 57-71 GHz spectrum). Not to mention it is supporting idealistic maximum 

300 Gbps transfer rate, advancing through innovative physical (PHY) and medium access control (MAC) layers 

with multiple-input multiple-output (MIMO) technique, high order-modulation specification, and multipath 

fading channels (MPFC). The new technology also supports bandwidth intensive applications such as real-time 

online gaming, 8K video streaming, big data analytics, and merged reality. It is regarded that availing the 

undergone mm-Wave spectrum band (that is 30-300 GHz) is favorable strategy to comfort intensive bandwidth 

requests [3]. IEEE 802.11ad standard also supports 60 GHz band spectrum as defined in [4], which introduces 

multiGbps Wi-Fi bandwidth to the next generation wireless networks. Its PHY utilizes orthogonal frequency 

https://creativecommons.org/licenses/by-sa/4.0/
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division multiplexing (OFDM) scheme [5] and single carrier (SC) [6] mechanism. Although it provides ultra-

high throughput for applications ranging from instant file synchronization to multimedia stream but it is 

problematic for front-back-hauling wireless applications. The aims of new age wireless networks include 

communication links with super high-speed, ubiquitous, limited delay, and high capacity. The mm-Wave band 

spectrum satisfies these necessities and covers for applications the classical wireless technologies (4G/LTE) 

cannot support. Studying mm-Wave spectrum under IEEE 802.11ay guideline in a PHY level requires distinct 

simulator to define abstraction models for the impacts of those technologies. Simulators employed by the 

network analyst do not embrace multi-users MIMO (MU-MIMO) communications. Besides, it involves SNR-

to-PER environment to testify single-user MIMO (SU-MIMO) case [7]. 

As appeared in this work regarding IEEE 802.11ay, mm-Wave 60 GHz signal is enhanced 

directional multi-gigabit (EDMG) to benefit beam-forming signal to noise ratio (SNR) gain and improve path 

as well as propagation losses for 22 dB signal [8]. It also escalates the maximum bandwidth to 100 Gbps 

through data stream on MPFC. The 14 GHz spectrum band is allotted to multiple channels (i.e., 2.16, 4.32, 

6.48, and 8.64 GHz) and supports both channel bonding and aggregation structures [9]. In channel 

aggregation, a discrete waveform forms each individual channel, while only waveform arranges at least two 

adjacent 2.16 GHz channels. The mm-Wave signal in wireless communications carries out beam-forming 

technique in two directions; the first one is that two devices complete pre-coding where at the destination 

devices approximate correspondent channel then acknowledge the sender. The other is to transform analog 

beam on phased antenna arrays [10] in which spatial streams interference arise at the destination. In the IEEE 

802.11ay protocol, a procedure for beam-forming technique for both SU-MIMO and MU-MIMO [11] 

communication systems are described. It allows communication devices to figure out the best transmitting 

and receiving configuration in concurrent transmission for multiple spatial streams. In next section, a brief 

scenario on both SU-MIMO and MU-MIMO features in this standard is explained. However, in wireless 

transmission a latency causing by propagating the signal to the receiver is unstable due to real-time based 

communication channels traffic. This also refers to a transmission delay of the packet while it is in wave. 

Most simulators allow scientists to investigate only constant latency in the experiment which is not 

supporting unexpected delays. This requires link capacity estimation for the accurate examination of PHY 

level efficiency. In this article, an implementation including unstable link capacity on PHY and MAC signal 

processing blocks upon IEEE 802.11ay standard is proposed.  

 

 

2. MILLIMETER WAVE SU/MU-MIMO COMMUNICATIONS  

The mm-Wave spectrum band in wireless communication depends on phased antenna arrays to 

attend the energy from targeted end upon analog beams development. Attaining digital beam-forming 

involves a committed radio frequency in mm-Wave for each element in antenna arrays. A hybrid beam-

forming [12] supports both digital and analog wave then a single mm-Wave is used for antenna elements, but 

solely one of those arrays is in progress at a time. Hybrid system is practically low power required while 

maintaining a performance compared to complete digital beam-forming. The pre-coding outlines spatial 

streams to all mm-Waves. To implement a MIMO communication, the source will retrieve a transmission-

acknowledge (TACK). At this point, an EDMG device holds PHY carrier and disconnects. MIMO channels 

are lazy during spatial inter-frame stream until disconnection time turns zero as all source antennas tune into 

the TACK defined by a beam-forming procedure. In this situation, the device senses a TACK for a single- 

user (SU-MIMO) communication. In downlink multi-users (MU-MIMO) communication, the access point 

(AP) is now acting as the source and requires the TACK instead.  

 

2.1. SU-MIMO beam-forming  

In this operation, a single stream is encoded, mixed up, and then projected to various spatial streams. 

The source then utilizes an autonomous modulation and coding scheme (MCS) [13] for individual stream. If 

spatial block coding time is active then each individual stream is designed to two spatial streams at different 

space-time. In that situation, a transferred stream over wireless communication does not relate to a MAC 

frame but corresponds to a fraction of frame as such. In the end, spatial streams are projected to multiple 

transmissions. To simulate SU-MIMO in this case, we require the preceding wave synchronization at the 

source and related part per se at the destination. The runtime of IEEE 802.11ay PHY layer simulation will 

rise as it relies on factors regarding the total number of packets, number of devices, and packet sizes. We 

expect this to be even worse when simulating the IEEE 802.11ay PHY layer. The reason is that the standard 

initiates billions of packets in a second. In orthogonal frequency division multiplexing (OFDM) modulation, 

multiple spatial streams transmission influences symbols in the frame’s payload. This technique only needs a 

mapping table for SNR-to-PER. The table includes all SNRs of spatial streams, corresponds to number of 

sources and receivers, as well as channel complexity in each pair of antennas. 
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2.2. MU-MIMO beam-forming 

The AP transfers spatial streams to distinct receivers simultaneously in the MU-MIMO operation. 

Many scientists have been introducing separate scheduling algorithms [14] for MU-MIMO communications. 

These algorithms minimize interferences and SNR in the MU-MIMO communication to escalate available 

link capacity [15]. To run IEEE 802.11ay MU-MIMO simulation, we propose two parameters regarding link 

capacity and network complexity. For the first parameter, the AP generates many spatial streams to 

individual device, and each device selects two or more mm-Wave to communicate. Here, this employment 

reflects an upper-bound on the channel’s link capacity. It is equivalent to simulate the SU-MIMO as we 

eliminate inter-stream interference among the identical device’s streams. We assume that analog beams are 

not orthogonal to eliminate device interferences. The impact of digital beam-forming simulation is focused. 

The overhead caused by the amount of devices in the MU-MIMO communication is also considered. In the 

second parameter, we implement each device in the network to have a single mm-Wave linked to an antenna 

to send/receive an individual stream. The AP has several mm-Wave chains, but it communicates a single 

stream per device. In this case, each stream accommodates a MAC packet for a particular device. 

Furthermore, we allow analog beam-forming to issue OFDM beams to avoid inter-stream interferences and 

as the result we can neglect digital beam-forming. Multibeam designed for communications using analog 

antenna arrays is discussed in [16]. 

  

2.3. Additive white Gaussian noise (AWGN) 

A discrete AWGN [17] channel is regarded as the input-output variable function. 

 

ad = bd + nd (1) 

 

Where nd is symmetric complex Gaussian noise samples with variance 𝜎𝑑
2. Given that in the memoryless 

system, the communication channel with AWGN can be defined as a pair of input/output variables as shown 

in Figure 1. 

 

 

 
 

Figure 1. AWGN input/output model 
 

 

For general key index d, the probability distribution function of AWGN channel can be represented 

by (2). 

 

𝑝(𝑏|𝑎) =
1

𝜋𝜎𝑑
2 exp⁡(−

|𝑏−𝑎|2

𝜎𝑑
2 ) (2) 

 

In practical condition, the input variable which represents information stream A is encoded by a set of K, 

where K={A1, A2, …, AK} with uniform probability 1/K. K-ary, phase shift keying (K-PSK), and  

K-ary, quadrature amplitude modulation (K-QAM) are widely used modulations. For K-ary modulation with 

uniform probability, the mutual information (MI) can be denoted as shown in (3) and approximated as 

appeared in (4), respectively. 

 

𝑀𝐼(𝐴; 𝐵) = 𝑙𝑜𝑔2𝐾 +⁡
1

𝐾
∑ ∫𝑝(𝑏|𝐴𝑛)𝑙𝑜𝑔2

𝑝(𝑏|𝐴𝑛)
∑ 𝑝(𝑏|𝐴𝑚)𝐾
𝑚=1

𝑑𝑏𝐾
𝑛=1  (3) 

 

𝑀𝐼(𝐴; 𝐵) ≈ 𝑙𝑜𝑔2𝐾 +⁡
1

𝑀
∑ 𝑙𝑜𝑔2

𝑝(𝑏𝑛|𝑎𝑛)
∑ 𝑝(𝑏𝑛|𝐴𝑚)𝐾
𝑚=1

𝑀
𝑛=1   (4) 

 

For the capacity of AWGN computation where a mean power constraint E{|𝐴|2} = 𝐻, a symmetric 

complex Gaussian (S) distribution with SNR, H/𝜎𝑑
2 can be written as (8). 

 

𝑆 = 𝑙𝑜𝑔2 (1 +
H

𝜎𝑑
2) (5) 
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The expression (5) can be calculated from input/output variables as well. 

 

𝑆 = 𝑙𝑜𝑔2
𝜎𝑏
2𝜎𝑎

2

𝜎𝑎
2𝜎𝑏

2−|𝜎𝑎𝑏|
2 = 𝑙𝑜𝑔2

1

1−|𝛼𝑎𝑏|
2 (6) 

 

Where 𝜎𝑏
2and⁡𝜎𝑎

2 are output and input variance accordingly. The 𝜎𝑎𝑏 is called the input/output covariance, 

and 𝛼𝑎𝑏 (=𝜎𝑎𝑏/(𝜎𝑏𝜎𝑎)represents the input/output correlation coefficient. 

 

 

3. PROPOSED MODEL AND EXPERIMENTAL ANALYSIS  

The performance evaluation of sender’s mm-Wave is to quantify how perfect the Wireless LAN 

source devices are built. These devices include filtering, digital signal processing, amplification, and up-

down-link conversation. In addition, source also resolves the output mm-Wave quality using an error vector 

magnitude (EVM) [18]. It also encompasses the accuracy of channel center frequency and a voltage standing 

wave ratio (VSWR). Similarly, at the destination we quantify how well the receiver functions are. They are 

for instance amplification, up-down-link conversation, digital signal processing and signal filtering. Besides, 

inter-stream interference, clear channel assessment (CCA), the hold time for down-conversation, and the 

accuracy of received signal strength indication (RSSI) are apparently measured. IEEE 802.11ay which is 

referred to directional multi-gigabits (DMG) can offer digital throughputs up to 300 Gb/s with short delay, 

utilizing the 60 GHz band to achieve low inter-stream interference. Wi-Fi based on certified WiGig is 

introduced to fasten the availability speed of wireless devices, whose PHY/MAC design supports with this 

standard. WiGig will surge wireless network performance, ensuing improved network bandwidth and 

resembling channels. The 802.11ay PHY aligns three modulated signals: i) Control PHY (beam-forming with 

BPSK modulation) compliments control with error detection and correction, ii) Single carrier PHY provides 

BPSK, QPSK, 16 QAM, and 64 QAM modulations with different rates of low density parity check (LDPC) 

1/2, 5/8, 3/4, 13/16, and 7/8, and iii) orthogonal frequency division multiplex PHY is based on multicarrier 

modulations to support higher throughput and modulation densities than the single carrier PHY. Note that the 

OFDM [19] operation mode is not commercially implemented yet. Modulation and coding scheme (MCS) of 

the SC PHY is shown in Table 1. 

 

 

Table 1. MCS index for a SC PHY in IEEE 802.11ay 
Index Enhanced DMG Modulation Coded bits per symbol in OFDM LDPC 

MCS 1  π/2-BPSK 1 1/2 

MCS 2  π/2-BPSK 1 1/2 

MCS 3  π/2-BPSK 1 5/8 
MCS 4  π/2-BPSK 1 3/4 

MCS 5  π/2-BPSK 1 13/16 

MCS 6  π/2-QPSK 2 1/2 
MCS 7  π/2-QPSK 2 5/8 

MCS 8  π/2-QPSK 2 3/4 

MCS 9  π/2-QPSK 2 13/16 
 MCS 9.1 π/2-QPSK 2 7/8 

MCS 10  π/2-16-QAM 4 1/2 

MCS 11  π/2-16-QAM 4 5/8 
MCS 12  π/2-16-QAM 4 3/4 

 MCS 12.1 π/2-16-QAM 4 13/16 

 MCS 12.2 π/2-16-QAM 4 7/8 
 MCS 12.3 π/2-64-QAM 6 5/8 

 MCS 12.4 π/2-64-QAM 6 3/4 

 MCS 12.5 π/2-64-QAM 6 13/16 
 MCS 12.6 π/2-64-QAM 6 7/8 

 

 

The block diagram for our proposed simulation model to investigate variable link latency in 

SU/MU-MIMO with mm-Wave for this standard [20] is presented in Figure 2. We will impose both AWGN 

and our link delay variable to the IEEE 802.11ay operation. The signal processing at the destination is 

digested as depicted in Figure 3. 

 

3.1.  mm-Wave on 802.11ay network with link delay estimation 

In the subsequent section, we scrutinize the performance of MPFC [21] with unpredictable link 

delay in order to achieve the emergence in the developing IEEE 802.11ay wireless network. The 

experimental mm-Wave and Wi-Fi network is configured as described in Figure 4. The wireless network 
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presented in Figure 4 where the multi-baseband-client at destination possesses an IEEE 802.11ay radio. The 

multi-baseband access point (MBAP) [22] can communicate through 60 GHz links. The MBAP and clients 

are observing the MPFC. The proper routing configuration has been implemented to route all packets 

perfectly over wireless communication links. The offset mode [23] allows the 802.11ay link to be in a reserve 

condition for MPFC packets in a normal state. The IEEE 802.11ay link will be re-active for MPFC 

transmission as the back-off time in the standby mode is reached. In the experiment, we preserve the back-off 

mode (inactive and reactive period) by switching over the radio system. It is comparable to a jam period. 

During the investigation, we collect the PER values and compute the SNR per stream in each modulation and 

coding schemes as listed in Table 1, respectively. 

 

 

 
 

Figure 2. 802.11ay simulation blocks 

 

 

  
 

Figure 3. Signal operation blocks at the destination 

 

Figure 4. Wireless network for end-to-end 

simulation model 

 

 

3.2.  Simulation results 

The IEEE 802.11ay guideline has endorsed the requirements of bandwidth intensive applications 

[24] in their transmissions in which the communication technology can be functional. We can summarize 

Scilab/Xcos simulator [25] environment into the following eight conditions as explained in Table 2. We thus 

investigate the impact of network congestion through randomized and unstable link delay on the performance 

metrics of SC PHY. We design to explore the low (30% congestion) and high (80% congestion) congested 

conditions on wireless 802.11ay link. We group and visualize the PER metrics at SNR attention (listed in 

Table 1 in Figures 5(a) and 5(b). In the figure, we also point out the average throughput of each MCS index 

as depicted in Figures 5(c) and 5(d), respectively. It is significantly seen that the PER values are higher in all 

indices. That means the MPFC has been affected due to the offset time operation from link delay. However, 

the employment of such packet size (4.096 KB) for this experiment should take into trade-off consideration. 

In addition, the open-space-wireless devices of end-to-end link have been used in the EDMG full-data-rate 

mode. We also can observe that the throughput metrics of PHY on 802.11ay are almost identical. It is 

because we tolerate the maximum PER is up to 10-2 at the SNR point. However, the higher congested mode 

has dropped a performance compared to the other slight congested one. The worst value of the throughput 

estimates the throughput of higher MCS index. The reason is that the unstable characteristics of two wireless 

links delay. The offset time confuses the packet scheduler of MPFC at maximum transmission rate, 

accordingly, lowering the whole throughput. 
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Table 2. Parameters for simulator 
Input Parameters Descriptions 

Data bandwidth At least 60 GHz. 
Congested Link latency Adaptive. 

MPFC EDMG with maximum data rate. 

Mobility [-20, +20] PPM [26]. 
Wireless environment Open space hotspot. 

Packet error rate (PER) @ SNR attention 10-2. 

Packet size 4.096KB. 
SC PHY As appeared in Table 1. 

 

 
 

 

 

(a) (b) 

  

(c) (d) 
 

Figure 5. Simulation result: (a) PER at SNR attention-30% congestion, (b) PER at SNR attention-80% 

congestion, (c) throughput-30% congestion, and (d) throughput-80% congestion 

 

 

4. CONCLUSION 

With the outgrowth of the state-of-the-art IEEE 802.11ay wireless communication, which can 

support Gbps data rate on Wi-Fi connections, it is essential to examine the performance of IEEE 802.11ay 

SC PHY efficiency. This study exploits an end-to-end experimental bed on 802.11ay adaptive link delay in 

an open space environment under congested network and interference situations. We agree the multi-Gb/s 

throughput of both light and heavy traffic with the constraints of PER. We also affirm that the link delay 

problem (e.g., due to handshake, antenna directions or blockage) still arises. To iron out the problem, we 

further investigate the packet size effect as a medium which allows a rapid switch-over between SC PHY to a 
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traditional Wi-Fi connection. Additionally, MPFC with the adaptive data rate control mode may adjust the 

traffic on IEEE 802.11ay to Wi-Fi link. 
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