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	 Abstract:
	Based on the fact that current E-model algorithm does not consider parameters related to wireless communication systems, the contribution SG12-C.289 was submitted for the November 2018 meeting, in which experimental results were presented. In the present contribution, a methodology to incorporate wireless network parameters into the E-model algorithm is described in more detail. Wireless channels degraded the transmitted signal, but also there are different technologies used to improve the transmission system robustness. In this context, the multiple-input-multiple-output (MIMO) technique is used to explain how the proposed methodology should be used for speech quality estimation in scenarios where wireless techniques are used. In order to avoid performing significant changes in the E-model algorithm, the impact of wireless technologies is quantified in terms of probability of packet losses and inserted to the current Ie,eff  or Ie,eff,wb impairment factor.
It is proposed to elaborate a new recommendation ITU-T G.108.3 based on the present contribution.








Recommendation ITU-T <G.108.3>
Planning aspects in wireless communication systems
Summary
This document provides guidance for transmission planners of wireless communication systems, considering transmission channel degradations and the techniques used to improve the transmission quality. The proposed method considers the incorporation of parameters related to wireless networks to determine their impact on speech quality. This impact is quantified in terms of probability of packet losses; therefore, only the effective equipment impairment factor Ie,eff  is modified, and the remaining of impairment factors are not affected. This method can be applied to the E-model algorithms described in ITU-T Recommendation G.107 and G.107.1, and also other future E-model algorithm versions, such as fullband E-model. The network scenarios treated in this document are not covered by the ITU-T Recommendations G.107, G.107.1, G.108, G.108.1 and G.108.2.
Keywords
parametric models; E-model; wireless communications; speech quality; MIMO
1	Scope	
This Recommendation is intended to provide a method that permits that the E-model algorithm can incorporate some characteristics of wireless communication systems. This method can be useful for network operators and transmission system planners because it considers the techniques used in wireless networks, which are not covered by the E-model algorithm and either included in ITU-T Recommendations [ITU-T G.108], [ITU-T G.108.1] and [ITU-T G.108.2]. The speech quality estimation is only made for transmission planning purposes and not for actual perceptual quality prediction.
2	References
The following ITU-T Recommendations and other references contain provisions which, through reference in this text, constitute provisions of this Recommendation. At the time of publication, the editions indicated were valid. All Recommendations and other references are subject to revision; users of this Recommendation are therefore encouraged to investigate the possibility of applying the most recent edition of the Recommendations and other references listed below. A list of the currently valid ITU-T Recommendations is regularly published.
The reference to a document within this Recommendation does not give it, as a stand-alone document, the status of a Recommendation.

[ITU-T G.107]			Recommendation ITU-T G.107 (2014), The E-model: a computational model for use in transmission planning.
[ITU-T G.107.1]			Recommendation ITU-T G.107.1 (2015), Wideband E-model.
[ITU-T G.108]			Recommendation ITU-T G.108 (1999), Application of the E-model: A planning guide.
[ITU-T G.108.1]			Recommendation ITU-T G.108.1 (2000), Guidance for assessing conversational speech transmission quality effects not covered by the E-model.
[ITU-T G.108.2]			Recommendation ITU-T G.108.2 (2007), Transmission planning aspects of echo cancellers.
[ITU-T G.113]			Recommendation ITU-T G.113 (2007), Transmission impairments due to speech processing.
[ITU-T G.722]			Recommendation ITU-T G.722 (2012), 7 kHz audio-coding within 64 kbit/s.
[ITU-T P.800]			Recommendation ITU-T P.800 (1996), Methods for subjective determination of transmission quality.
[ITU-T P.863]			Recommendation ITU-T P.863 (2018), Perceptual objective listening quality prediction.
[ITU-T P.501]			Recommendation ITU-T P.501 (2017), Test signals for use in telephonometry.
[3GPP TS 26.071]			3GPP TS 26.071 v. 15.0.0 (2018), 3rd Generation Partnership Project; Technical Specification Group Services and System Aspects, Mandatory speech CODEC speech processing functions; AMR speech CODEC; General description (Release 15).
[3GPP TS 26.171]		3GPP TS 26.171 v 15.0.0 (2018), 3rd Generation Partnership Project; Technical Specification Group Services and System Aspects, Speech codec speech processing functions; Adaptive Multi-Rate - Wideband (AMR-WB) speech codec; General description (Release 15).

3	Definitions
This Recommendation does not define any new terms.

4	Abbreviations and acronyms
This Recommendation uses the following abbreviations and acronyms: 
ACR				Absolute Category Rating
AMR				Adaptive Multi Rate
AWGN			Additive white Gaussian Noise 
BER				Bit Error Rate
BLAST			Block Layered Space-Time
BPSK				Binary Phase-shift Keying
CRC				Cyclic Redundancy Check
ETSI 				European Telecommunications Standards Institute
ITU				International Telecommunication Union
MIMO				Multiple Input Multiple Output
MOS			Mean Opinion Score
NB			Narrowband
OSTBC			Orthogonal Space-Time Block Code
PPL			Probability of packet losses
QAM			Quadrature amplitude modulation
QPSK				Quadrature Phase-shift Keying
SISO				Single Input Single Output
STTCs				Space-Time Trellis Codes
SWB			Super-wideband
WB			Wideband

5	Conventions
None.
6	Planning aspects in wireless communication systems
6.1	Introduction
In wireless communications, different impairments occur in the transmission channel. Some physical phenomena that occur in these channels are multipath, reflection, diffraction, mirroring and absorption. These phenomena lead to fading in the signal. In fading channels, the power of the received signal decreases as the distance increases due to the path loss or obstacles in the path such as buildings, vegetation and mountains.  Also, atmospheric phenomena contribute to the fading; and shadowing factor is also another known problem. 
In order to decrease the impact of wireless degradations on the transmitted signals, the latest network generations have incorporated different solutions. As the available spectrum assigned to an operator is physically limited, new radio resource management techniques are required.  One of these solutions use the principle of spatial diversity in the radiofrequency channel, such as the Multiple-Input Multiple-Output (MIMO). 
The use of multiple antennas on transmitter and receptor equipment has as main objective to minimize the bit error rate (BER) in the wireless transmission channel, improving the signal quality at the reception point. For the same objective, modern forward error correction codes are proposed and implemented in transmission networks. 
Also, in wireless communication systems, the modulation scheme used in the transmission and reception systems determine which data rate can be achieved, and each modulation scheme is related to specific noise tolerance margin; therefore, each one has a different influence on the transmission quality.
In Appendix I, a case study is presented, in which a communication system is implemented in a simulator. The additive white Gaussian noise (AWGN) is used as wireless channel model. Also, different sets of antenna configurations of a MIMO are considered in the communication system. The AMR [3GPP TS 26.071] and AMR-WB [3GPP TS 26.171] speech codecs and the test signals available in [ITU-T P.501] are used in the test scenarios. The algorithm described in [ITU-T P.863] is used to estimate the speech quality.
6.2	Transmission in wireless networks
The E-model algorithm estimates the conversational quality from mouth-to-ear as perceived by the user at the receive side, both as listener and talker. The reference connection of the NB E-model algorithm that is presented in Figure 1 of [ITU-T G.107], considers all the transmission parameters used as an input to the computational model. 
In the case of a wireless network, the transmission and reception systems use different techniques that those used in wireline networks, and the determination of their impact on the transmission quality can be useful for network operators and transmission planners. Figure 6-1 presents a basic high level representation of some techniques used in the transmitter and receptor of a wireless communication system.
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Figure 6-1 – Representation of some techniques used in wireless communication systems

Modulation schemes play an important role in wireless communication systems, for example, depending on the modulation scheme used in the transmission system different data rate can be achieved. Also, each scheme has a different response at a specific channel background noise level. This can be observed in the obtained packet loss rate by each modulation scheme considering the same transmission channel conditions.
When the wireless channel presents a deep fade, any modulation scheme will probably suffer from errors. There are different approaches to implement diversity. There are three main kind of diversity, time diversity, frequency diversity or space diversity. Diversity over time can be obtained via coding and interleaving, the information is coded and it is dispersed over time in different coherence periods with the objective that each segment of the information suffers independent fades. Similarly, the frequency diversity can be applied if the channel is frequency-selective. 
A solution to enhance the communication performance is to establish multiple signal paths, each of which fades independently, making sure that reliable communication is possible as long as one of the paths is strong. In general, the diversity techniques transmit the information in different transmission channel conditions, with the aim of decreasing the data error rate at the receiver [b-Tse]. Space diversity is implemented in a channel with multiple transmit or receive antennas. Since diversity techniques present important advantages, a wireless communication system typically uses several types of diversity [b-Tse]. MIMO system is an example of spatial diversity technique that is well adopted and used in wireless transmission systems. 
6.3	Method
As can be observed in Figure 6-1, the transmission and reception systems consider different elements. One of them is the modulation scheme. There are different modulation schemes, and each scheme has a different response at a specific channel background noise level, and this affects the probability of packet losses. For this reason, it is important to consider modulation scheme to determine the Ppl value. 
The techniques used in wireless systems aim to improve the transmission quality decreasing the probability of data errors at the receiver. In this sense, the characteristics of the techniques used in the communication system and the channel conditions are related to the probability of packet losses in the transmission. 
According to [ITU-T G107] and [ITU-T G107.1], the formula of the effective equipment impairment factor for narrowband (Ie,eff) and wideband (Ie,eff,WB) contains the Ppl parameter. They are presented in (1) and (2), respectively.

                                          		    		           (6.1)

                                          		    		 (6.2)

It is important to note that according to [ITU-T G107.1] the permitted range of random Ppl is from 0 to 20%. Thus, in this document, 20% is considered the maximum Ppl value for planning purposes. 
In the proposed method, the Ppl is used to quantify the reliability of the transmission network using wireless techniques and considering different channel degradation conditions. Hence, different wireless network conditions are represented by only the Ppl parameter, and the remaining inputs of E-model algorithm are not modified, and neither additional impairment factors are inserted.
The proposed method, based on Ie,eff, can be summarized as presented in Figure 6-2. It is important to stress that no other E-model input, nor impairment factor is modified.
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Figure 6-2 – An overview of the proposed method that incorporates wireless network parameters into the E-model algorithm

As can be observed in Figure 6-2, the wireless network parameters are used as input information that permit determine a function to estimate the Ppl value.
Considering a wireless transmission, the Ppl can be estimated (Ppl’) by a continuous function  that depends on one or more parameters of the diversity technique used, the wireless channel model and Modulation scheme (Ms). Then, in a wireless context, Ppl’ is defined as follows:
 
                                          		    	 (6.3)

Then, considering a wireless network, the Ie,eff  for NB networks can be determined by:  

                                     (6.4)

And, for WB networks, the Ie,eff,WB can be calculated by:

                               (6.5)

Later, using (6.4) and (6.5) and the remaining impairment factors of the E-model algorithm, the R-score can be determined. Thus, it is possible to estimate quantitatively, using the R-scale, the effect of any wireless network parameter in the transmission quality.
For example, if the diversity technique used in the communication system is MIMO, in which the parameters are only the number of transmission (nTx) and reception antennas (mRx). Additionally, the wireless channel model is AWGN which background noise is represented by SNR, and Ms is QPSK; the Ppl’ can be represented by:  

                                          		    			        

In order to model the function , numerical values of Ppl parameter for each wireless network condition need to obtained. To accomplish this objective, experimental tests need to be conducted, and a network scenario needs to be implemented, in which each one of the network parameters can be controlled, and the actual Ppl values can be determined. 
It is recommendable that the implemented test scenario be validated to guaranty the accuracy of the Ppl values obtained. For example, the resulting impaired speech samples of each scenario can be evaluated by instrumental methods, such as the algorithm described in [ITU-T P.863], or subjective tests to obtain speech quality scores. On the other hand, the NB or WB E-model algorithm can be used considering the network parameters, including Ppl values, to obtain the R-scores. Then, a high correlation between both of these results should be obtained. 
Based on the experimental results obtained in the test scenario, the function  can be determined and used for planning purposes. For instance, in the case of a MIMO system, it will be possible to estimate the Ppl’ value for each MIMO antenna configuration; therefore, the speech quality can be estimated using the E-model algorithm. 
In Appendix I, a case study of the previously described method is presented.









Appendix I
Speech quality estimation in networks that use a MIMO system
(This appendix does not form an integral part of this Recommendation)

I.1 An overview of a MIMO system
In order to reduce the BER at the receiver, diversity techniques repeat the information via different transmission channels.  One example of diversity is the repeat code technique. These codes repeat the bits of information in the transmitter before being sent by the channel. Thus, in lossy channels, the information can be successfully retrieved as long as at least one of the repeated bits is received correctly. However, the repeat code technique is not efficient because it uses the available bandwidth to send redundant information, reducing the spectral efficiency of the communication system. Therefore, a trade-off must be considered between the robustness of the system and the spectral efficiency [b-Rodríguez]. 
In general, three kinds of diversity are used: temporal, frequency and spatial. Repetition code is a type of temporal diversity. The frequency diversity works similarly, sending information across different frequency ranges that exhibit independent fading.
Spatial diversity is the technique that uses different antennas to transmit and receive the same information. Thus, an important characteristic of MIMO systems is the ability to turn multipath propagation into a benefit for the user. MIMO takes advantage of fading channels and multipath delay spread [b-Raleigh] for increasing transfer rates [b-Gesbert]. When the channel has a favorable condition, the system uses different antennas to transmit different information, increasing the spectral efficiency and consequently the capacity of the system.
On the other hand, when the channel has an unfavorable condition for the signal transmission, the transmitter and the receiver use various antennas to transmit and receive redundant bits, increasing the system robustness in wireless networks. 
MIMO systems require complex algorithms and a greater computational complexity to optimize the management of transmitted information. The significant performance improvement in wireless communication without extra spectrum is largely responsible for the success of MIMO. It is one of the most significant technical breakthroughs in modern communications, because this technology presents itself as an important option for more efficient use of the scarce electromagnetic spectrum [b-Gesbert].
To encode the signals that will be transmitted via MIMO systems, there are different proposed encode algorithms. Some of these algorithms are the Block Layered Space-Time (BLAST) [b-Foschini], Space-Time Trellis Codes (STTCs) [b-Hochwald], Space-Time Block Codes (STBCs) [b-Alamouti], Unitary Space-Time Codes [b-Song] among others. Orthogonal STBCs (OSTBC) [b-Proakis] presents a simplify decoding at the receiver side. The MIMO performance, and as a consequence the transmission quality, depends on the implemented encode algorithm.
A basic block diagram of a MIMO system is presented in Figure I.1 with At and Ar being the transmitting and receiving antennas, respectively. Also, an Orthogonal Space-Time Block Code (OSTBC) encoder is considered. The vectors of transmitted and received symbols in discrete time are x = [x0 x1 ... xAt]T and y = [y0 y1 ... yAr]T, respectively, where xk represents the symbol sent by k-esim transmitting antenna and yj represents the symbol received on the j-esim receiving antenna.

[image: ] 
Figure I-2 – Basic diagram of a MIMO system

In the MIMO system, the transmission channels between each pair of transmitting and receiving antennas is represented by hji, which builds a matrix H = [hji] of dimension Ar x At. Considering that the variable w represents the noise at the receiver, the following relation between the transmitted signal and the received signal is obtained at the discrete time instant m [b-Tse]:

                   							           (I.1)

where SNR = P/N0, P is the power of the transmission signal, and N0 is the power of additive white Gaussian noise (AWGN).
In order for the system to achieve a good performance, wireless channels that compose the MIMO system must have a low correlation. That means that the signals transmitted in each channel suffer different impairment types, such as fading and noise intensity. In communications carried out in urban centers, in which the transmitted signal is affected by several propagation phenomena, the implementation of MIMO systems becomes feasible due to the de-correlation of this environment.
The OSTBC maps the symbols coming from previous phases in the transmitter in order to generate temporal vectors containing the symbols that will be sent by each of the antennas. To perform this mapping, the OSTBC uses a precoding matrix. For the case At = 2, this matrix is given by

  									  (I.2)

where * denotes the conjugate transposed from the complex symbol x. Note that at instant m, the antenna 1 transmits x1[m] and the antenna 2 transmits x2[m]. In the next instant, m + 1, the antennas transmit   and , respectively. Thus, in two instants of time, the receiver will have received the symbols x1 and x2. Therefore, there was an insertion of redundancy and no loss of capacity, since two instants were used to receive two different symbols.
At the receiver, the OSTBC combines the received signals by all the antennas to extract the information from the symbols encoded in the transmitter. In the sequence, the decoding scheme named maximum likelihood (ML) is used to obtain the transmitted information.
In this case study, a MIMO configuration was used, based on the OSTBC system with a low spatial correlation, in which the signal to be transmitted is repeated in the transmission antennas allowing the system to be more robust against fading degradations. In this work, P.863 recommendation is used to analyze the MIMO system impact on the speech signal quality.

I.2 Method to estimate speech quality using E-model in a wireless network that considers a MIMO System 
A MIMO system is configured considering several parameters. In this example, we restrict only to the number of transmission and reception antennas, and the use of the OSTBC encoder. Also, only the AWGN channel model is used in the implemented network scenario. 
Fig. 1 shows a high level representation of the implemented simulation scenario.

[image: ]
Figure I-2 – Simulation test scenario

The AMR and AMR-WB speech codec are implemented. Different impairment conditions were created using several test scenario configurations. In wireless channel, the AWGN model is considered, and different intensities of SNR (dB) were tested. The implemented MIMO system considers different antenna array configurations. The transmitter (Tx) and receiver (Rx) use the OSTBC. The modulation schemes used in the test scenarios are BPSK, QPSK and QAM (QAM-16, QAM-32, QAM-64 and QAM-256).
In the reception, speech samples with different impairments are obtained. The ITU-T Recommendation P.863 was used to determine the speech quality score. The speech signals used in the tests correspond to signals adapted from original speech files available in ITU-T Recommendation P.501.
In order to know the actual packet losses values for each speech transmission simulation, the Cyclic Redundancy Check (CRC) field (8 bits) defined in the AMR speech codecs is used. The implementation of CRC code is performed according to [3GPP TS 26.071] and [3GPP TS 26.171].
The ITU-T Rec P.863 is used because its algorithm considers more features related to modern communication systems.

The configuration parameters of network scenarios are described in Table I.1.









Table I.1: Parameters used in the configuration of test scenarios

	Parameter
	Values

	SNR (dB)
	0, 1, 2, 3…,28, 29, 30

	Modulation
	BPSK, QPSK, QAM (QAM-16, QAM-32, QAM-64 and QAM-256).

	Number of Tx. Antennas (nTx)
	1, 2, 3, 4 

	Number of Rx. Antennas (mRx)
	1, 2, 3, 4

	Speech codec
	AMR, AMR-WB 

	Number of simulations (same scenario)
	60



As first step, the performance validation of the test scenario was evaluated, considering only the AWGN channel with all the modulations schemes. In these tests a MIMO system is not considered. The actual Ppl value is determined in the test scenario, the R score quality is determined using Eq. (7-1) of NB and WB E-model; and these scores are compared with the ITU-T Rec. P863 results. For this comparison, the 5-point MOS scale was used. Fig. 2 shows the performance results. 

[image: ]
Figure I-3: Performance validation of test scenario considering AMR-WB Mode 0


The Pearson correlation coefficients (PCC) and the root mean squared error (RMSE) obtained in the tests were 0.979 and 0.173, respectively. Also, it can be observed that E-model values are slightly lower than those reached by P.863, which is recommendable for planning purposes. 
Figure I-4 presents the wireless network parameters considered in the test scenario and used to estimate the speech quality. 


[image: ]

Figure I-4: Wireless network parameters considering a MIMO system used to predict speech quality

A specific network configuration is used to present the results obtained in this study case. The MIMO antenna configuration (nTx, mRx) are (2,2), (3,3) and (4,4), the encode MIMO algorithm is OSTBC; the modulation scheme is QPSK, the transmission channel is AWGN, and the Ppl values is limited to 20%. Figure I-5 present the results for these specific test scenarios.

[image: ]
Figure I-5: Relation between Ppl (%) and SNR (dB) values using MIMO system transmission and QPSK modulation

Based on the results presented in Figure I-5, the function f introduced in Figure I-4, is determined. This function is used to calculate the estimated Ppl (Ppl’). Different mathematical relations were tested and the function that best fit the results for each MIMO antenna configuration was the power function, as presented in (I.3).

                                                               (I.3)

Table I.2 presents the values of constants a, b and c introduced in (I.3) for each one of the MIMO antenna configuration.

Table I.2: Constant values of the function f used to find Ppl’ for the case of QPSK modulation

	Modulation scheme
	MIMO antennas (nTx, mRx)
	a
	b
	c

	QPSK
	(1,1)
	8395x10^6
	-11.2
	-0.0004646

	QPSK
	(2,2)
	43900
	-6.434
	-0.0001633

	QPSK
	(3,3)
	60.61
	-3.651
	-0.0009027

	QPSK
	(4,4)
	12.12
	-3.722
	-0.0002535



Figure I-6 presents the Ppl’ results obtained using (I.3) and considering the values of the constants a, b and c presented in Table I.2.

[image: ]
Figure I-6: Ppl values obtained using a function and considering MIMO system transmission and QPSK modulation

The performance validation results of (I.3) for ach MIMO antenna configuration (nTx, mRx) and SISO are presented in Table I.3. 

Table I.3: Performance validation results of the function use to determine Ppl’

	(nTx, mRx)
	R-square
	RMSE

	SISO (1,1)
	0.9985
	0.001554

	MIMO(2,2)
	0.9963
	0.002394

	MIMO(3,3)
	0.9973
	0.002069

	MIMO(4,4)
	0.9964
	0.006245



Then, the relation (I.3) can be used to calculate the Ie,eff  value and R-score. As an example, the AMR-WB speech codec mode 0 is chosen. Then, to calculate the R-score the WB E-model is used. To calculate de approximation of Ie,eff,WB (Ie,eff,WB’), the following relation is used:

                                                                (I.4)

Then, the R-score is calculated using Eq. (7.1) introduced in [ITU-T G.107.1]. Finally, the results obtained by the WB E-model using the actual Ppl (actual R-score) values and the estimated Ppl’ value using f (estimated R score) are compared. The performance assessment of the function f to estimate R-scores, considering the four antenna configurations used in the tests, reached a PCC and a RMSE of 0.9781 and 2.6841, respectively. 
Thus, if the MIMO configuration, the wireless channel conditions and the modulation scheme are known, the R-score can be estimated following the proposed methodology.  
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