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1 Introduction

This document describes some important properties of HSDPA, on a high abstraction level, and the consequences for real-time services. The consequences are mainly related to high packet loss rates, both static and varying. It should be noted that HSDPA was used as an example of a shared channel but the consequences are equally applicable for other kinds of shared channels that use similar techniques as HSDPA.

This document proposes solutions for the found consequences. The solutions and the advantages are here applied to the point-to-point voice call service but may also apply to other real-time services such as video and text. The solutions listed here are generic and applies to all channels that show similar characteristics.

This document also shows how the voice service may be optimized for different operating conditions using AMR. The conclusions are however also valid for other services like voice services using AMR-WB, text and video.

2 HSDPA in general

This section gives a high level description of some properties in HSDPA, [1], that are important for real-time services like voice telephony.

HSDPA is a shared channel where the TTIs may be entirely dedicated to one user or one service but may also be divided by several users or services. Figure 1 shows one example where up to 5 users/services (A-E) share the HSDPA channel and where a maximum of 4 users/services may share one single TTI.
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Figure 1.
Example of transmission resource assignment for the HSDPA channel (for simplicity it is assumed that all transmission blocks have equal size).

This example shows the case where:

· Whole TTIs (number 1, 5, 9 and 10) are allocated to user A and 4 transmission blocks are sent to user A at once, in a single TTI.

· For user B, one transmission block is allocated at almost every TTI, except for the TTI’s that are completely allocated to user A.

· User C gets two transmission blocks in TTIs number 2, 6 and 12.

· Users D and E get an irregular number of transmission blocks for different TTIs.

This example shows that the resources can be scheduled differently for different users. The scheduling depends on several factors but some important factors are:

· The bit rate used by the service.

· The aggreageted bit rate used by the other services in the cell.

· The current channel conditions for the receiving UE.

Another important feature of HSDPA is the fast Hybrid ARQ (H-ARQ) that tries to ensure that packets are properly delivered to the receiver. The H-ARQ will however only correct errors introduced by the air interface and will not compensate for packet drops introduced in the transmitter or packet drops in the receiver due to late arriving packets. Late loss packets are packets that are received but too late to be useful for decoding and are hence dropped by the receiving application.

3 HSDPA impacts on real-time voice services

For traditional circuit switched channel and dedicated packet switched channels, dependencies between services occur only at the air interface where different services create interference proportional to their respective bit rate needs. Different system load will create different amount of interference. Variations in system load and varying radio propagation conditions will cause variations in C/I, which introduces block errors. The fast power control, channel coding, interleaving and frequency hopping functions will manage the C/I variations and give a sufficiently low block error rate.

For HSDPA, and other shared channels, packet losses and late losses may occur due to direct or indirect reasons and may occur at other parts of the network than in the air interface. The list below describes a few properties that cause either direct or indirect packet losses or late losses.

· Scheduling: The scheduling, that assigns transmission resources to different users and/or services, creates a direct dependency between users/services. The scheduler is vendor specific, and different implementations may perform differently and may cause both high and varying packet loss rates. This may even result in starvation of some services if some other services are sending data with a high bit rate. Starvation would be particularly bad for real-time services that require a fairly regular stream of packets.

· Temporal variations in bit rate that cause congestion: Congestion problems should normally be handled with proper admission control. One possibility to handle congestions is to do admission control, which will probably be based on the average bit rate, the guaranteed bit rate, the maximum bit rate or a combination thereof. Since the admission control is based on parameters that are defined during session setup, it does not capture the temporal variations that may arise for some services. Some services, like file transfer and web surfing, will create very varying bit rate through the system. If the admission control is based on the maximum bit rate of each respective service, then this will lead to significant over-provisioning and the system utilization will be low. If the admission control is based on the average or guaranteed bit rates of each service, then the variations in bit rates for different services will now and then cause congestion when bit rate peaks coincide for several services. This will lead to delays and may lead to late loss and packet dropping in the receiver. But it may also lead to direct packet losses in network functions if features like random early drop are used. Random early drop is commonly used in routers in fixed IP networks to handle congestion problems.

· TTI sharing: The TTI sharing, the possibility to send transmission blocks to several users simultaneously in a single TTI, allows for different implementations. This means that the system may become TTI or even transmission block limited, even if the system is not C/I limited, if sufficient number of users cannot share one TTI. This problem will be highlighted when one tries to load the system with services that send small packets. High load will then cause delays and late losses, but also congestions that may force packet dropping in the transmitter.

· Power control: Power control will be used to manage errors introduced by the air interface in order to keep the block error rate and the amount of retransmissions on a reasonable level. However, when reaching the cell border or when the C/I condition is poor, the power control will reach the power limit. More retransmissions will then be used to ensure that the packets are delivered properly. This will introduce delays that may cause late losses in the receiver or even packet dropping if the transmission queue becomes congested.

· Limited number of retransmissions: Retransmissions will be used to correct errors introduced by the air interface. However, retransmissions are usually performed for a limited time, after which the packets will be discarded.

The list above should make it clear that packet loss and late loss may arise in HSDPA and other shared channels due to both poor C/I conditions and network load, either directly or indirectly. The listed issues will also introduce the packet losses before the packets are transmitted over the air interface, which means that the normal error correction tools used in the air interface will not be available to handle these problems and an alternative solution is therefore needed.

Raptor codes have been discussed for MBMS, [2]. These codes however introduce a long delay, too long to be useful for real-time services that have very strict requirements on end-to-end delay.

4 Application layer redundancy

4.1 Basic functionality

Application layer redundancy, or simply “redundancy”, is a method to send frames multiple times and where this is introduced in the application. This is analogous to a simple repetition code. In general, this can be done in two ways: out-of-band or in-band.

With out-of-band redundancy, the redundant frames are transmitted in separate packets, side-by-side with the original frames in the original packets. This, of course, increases the number of packets that are transmitted.

With in-band redundancy, previously transmitted frames are added as redundant frames and are packetized into the same RTP packets as the current original frames. In addition to avoiding creating extra packets, this also may save some IP, UDP and RTP protocol overhead.

Since HSDPA was primarily designed for data transmission and was thus optimized for big but few packets. It is therefore not a good solution to increase packet rate to send out-of-band redundancy. A more suitable method is to use in-band redundancy. The description below therefore only considers in-band redundancy, although most results are equally valid for out-of-band redundancy.

An example of how in-band redundancy may be applied is shown in the figure below.
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Figure 2.
Example of in-band transport redundancy. Original frames are colour coded with green and the redundant frames are colour coded with blue.

The redundancy scheme in Figure 2 is capable of handling single packet losses. For example if packet Pn+1 is lost, then frame Fn+1 can be recovered from packet Pn+2. An additional advantage is that loss bursts, i.e. several consecutive packet losses, are reduced in length. For example, all double packet losses are converted into single losses. This is advantageous since the error concealment usually handles short loss burst better than long bursts. One drawback of course that this scheme introduces extra delay since the receiver needs to wait for the subsequent packet in order to recover the information in the lost packet.

Transmission redundancy may be altered in number of ways, for example as shown in [3]. IETF has also standardized a generic method for redundancy in RTP, [4] and [5]. For simplicity, this document only discusses ‘single redundancy’, where frames are sent twice, and ‘double redundancy’, where frames are sent three times.

4.2 Redundancy and AMR

It is clear from the description above that redundancy increases the size of the packets since the frames are transmitted multiple times. For fixed rate codecs, this would be quite bad since packet loss is usually an indication of congestion and one fundamental idea in network management should be:

Do not (significantly) increase the traffic going into an already congested network

With AMR, it is possible to adapt to a lower codec mode when adding redundancy. The wide range between the highest and lowest codec mode gives room for significant amount of redundancy, as shown in the table below, without increasing the bit rate too much.

	Codec mode
	Redundancy level
	Codec bit rate

[kbps]
	Difference compared to AMR 12.2 kbps

	AMR 12.2 kbps
	0%
	12.2
	-

	AMR 6.7 kbps
	100%
	13.4
	+9.8%

	AMR 5.9 kbps
	100%
	11.8
	-3.3%

	AMR 4.75 kbps
	200%
	14.25
	+16.8%


Table 1.
Example of bit rates for AMR with codec mode adaptation when redundancy is applied (excluding payload overhead)
When adding the payload header (CMR), TOC (F, FT and Q) and padding to whole number of bytes, the bit rate increases slightly as shown in the table below. The RTP, UDP and IP headers are not included in these figures since thes redundancy schemes do not change the packet rate.

	Codec mode
	Redundancy level
	Bit rate

[kbps]
	Difference compared to AMR 12.2 kbps

	AMR 12.2 kbps
	0%
	12.8
	-

	AMR 6.7 kbps
	100%
	14.4
	+18.0%

	AMR 5.9 kbps
	100%
	12.8
	0%

	AMR 4.75 kbps
	200%
	15.6
	+27.9%


Table 2.
Example of RTP payload size for AMR with codec mode adaptation when redundancy is applied (including payload header and payload TOC but not the RTP header, bandwidth efficient payload format)
As shown above, using AMR 5.9 kbps in combination with 100% redundancy gives the same bit rate as AMR 12.2 kbps without redundancy, when the bandwidth efficient payload format is used.

The current AMR payload format supports sending redundancy in the following ways, [6].

· Any number of frames can be aggregated into the same RTP packet, up to the maximum size of an IP packet or the maximum transmission unit (MTU) defined for the system.

· Frames must be consecutive, for example frame N-2, N-1 and N. It is however possible to aggregate frame N-2, a NO_DATA frame and then frame N-1.

· It is possible to have redundant frames that are encoded with a different AMR codec mode than the original frame, for example:

	RTP packet
	Redundant frame
	Redundant frame
	Original frame

	Packet N
	Frame N-2 (AMR475)
	Frame N-1 (AMR67)
	Frame N (AMR122)

	Packet N+1
	Frame N-1 (AMR475)
	Frame N (AMR515)
	Frame N+1 (AMR795)

	Packet N+2
	Frame N (AMR475)
	Frame N+1 (AMR59)
	Frame N+2 (AMR122)


Table 3.
Example of AMR codec modes for the original frames and redundant frames.
If a frame is received multiple times, then the receiver is responsible for selecting the frame that was encoded with the highest codec mode. The drawback is, of course, that the complexity in the encoder is significantly increased if different codec modes are used for the original and for the redundant frames.

· The time stamp (TS) in the RTP header represent the sampling time of the first sample in the first frame transmitted in the RTP packet. This means that for the example shown in Table 3 the time stamp would be incremented with 160 (20 msec) for each new RTP packet, even though there is 480 samples (60 msec) of speech data in each packet.

All possible variants included in the AMR payload format are not described above. See [6] for full details.

4.3 Application layer redundancy for other real-time services

The type of redundancy outlined above is actually already supported by the RTP protocol, [7], since overlapping ranges is allowed, provided that the payload format does not define any limitations. Hence, this simple form of application layer redundancy is already defined also for other real-time services, for example real-time text and video, as long as they use the RTP protocol.

For services that use a very small amount of bandwidth, like real-time text, one may even consider using redundancy without having the possibility to switch down to a lower rate codec mode.

5 Performance examples

This description shows only a few examples of how redundancy may enhance the performance for static operational conditions, i.e. constant packet loss rate. These operational conditions are purely artificial and do not correspond to any HSDPA realization.

The objective speech quality was evaluated using PESQ, [8], for three different AMR codec modes and with three different redundancy levels: no redundancy, 100% redundancy (each frame sent two times) and 200% redundancy (each frame sent three times). The speech file was 64 seconds long and contained American-English speech with no background noise. PESQ was executed on 8 second segments and then averaged to get these numbers.

The packet loss distribution was random with a uniform distribution and no dependencies between the errors. The performance shown in the figure below thus corresponds to the performance that can be achieved in the optimal case.
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Figure 3.
Objective performance for different AMR modes with different redundancy and for AMR using optimal adaptation of both codec mode and redundancy level for various static end-to-end IP packet loss rates. Random channel errors.
The performance for a real system will, of course, be different since the packet loss distribution may be quite different. In particular, the normal operation range should be within the 0-10% packet loss rate region (yellow semi-transparent box with dashed surrounding border) and one should not expect to operate in the 10-30% packet loss rate region.

The figure however shows that the AMR codec, in combination with redundancy, is a very useful tool in order to provide excellent resilience against channel errors, even for high temporary or static packet loss rates.

It is obvious that redundancy introduces delay. It is therefore important to consider what impact the delay component has on the conversational quality. One way to do this is to use the ITU-T E-model, [9], and combine results from subjective listening tests with the impairments that occur due to delay. The contour plots in Figure 4 and Figure 5 below shows the estimated conversational quality for two combinations of AMR codec mode and redundancy for a wide range of packet loss rates and end-to-end delay.
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Figure 4.
Estimated conversational quality for AMR 12.2 kbps without redundancy, random errors.
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Figure 5.
Estimated conversational quality for AMR 5.9 kbps with with 100% redundancy, random errors.
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Figure 6.
Estimated conversational quality for AMR with optimal codec mode and redundancy adaptation, random errors.
It should be clear from these figures that adapting the AMR codec mode in combination with adapting redundancy provides opportunities to optimize the performance when the packet loss rate is increased. To handle varying conditions, the fast in-band channel available in the AMR payload format should be used. 

6 Identified specification issues

Current version of TS 26.236, [10], prohibits in-band redundancy since it is state that

“-
only one speech frame shall be encapsulated in each RTP packet,”

New SDP parameters may be needed to signal support for redundancy at session initiation. This may be needed since the system must assume that legacy UEs has no support for redundancy due to the above mentioned statement in TS 26.236 if this is not specifically signalled at session initiation.

7 Conclusion

It has been shown in this document that a unique feature of the HSDPA is that packets may be dropped by the scheduler for multiple reasons. There is also no error protection against this sort of packet loss. The design of the scheduler is also not standardized, which makes it virtually impossible to know how real-life systems will perform. It has also been shown that these issues also apply to other channels with similar features as are available in HSDPA. Therefore, it is suggested that the multimedia telephony service should be able to adapt to different operating conditions, both with respect to conditions of varying packet loss rates and to conditions of high static packet loss rates.

It has been shown in this document that redundancy is a very suitable tool for handling the described problems, provided that the errors are fairly well distributed and that the RTP protocol already supports some simple forms of redundancy that may be used also for other media components. It has also been shown that utilizing the adaptation possibilities in AMR when the redundancy level is increased gives a significant performance improvement and it is therefore possible to maintain an ongoing call even for conditions with extreme packet loss rates without increasing the bit rate that is sent in to the network too much. The combination of AMR and redundancy therefore provides an excellent opportunity to optimize their network in order to handle both mixed service scenarios and severe system load levels.

Application layer redundancy can be done with very little complexity, at least if the redundant frames are encoded with the same codec mode as the original frames. In addition, the complexity is entirely located in the UEs, which is nice from a scalability point of view.

The current version of TS 26.236 prohibits in-band redundancy. 

To support in-band redundancy, the following modifications are needed in the 3GPP specifications:

· The current limitation in TS 26.236 on only allowing one frame per RTP packet should be removed.

· It should be RECOMMENDED that one frame per RTP packet is used for most common conditions.

· It should RECOMMENDED that UEs handle any number of frames per RTP packet.

· It should be MANDATED that at least 4 speech frames per RTP packet shall be supported. For other services, like real-time text, one may even mandate support for even more frames.

· New SDP media attributes may be needed for redundancy negotiation during session setup.

Although point-to-point voice calls have been used as an example in this document, the results are equally applicable to other real-time services.
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4,75R2=14,25

6,70R1= 13,4

12,2R0= 12,2

Packet Loss rate in %

Clean Speech PESQ score

Source Codec Rate less than 14.25 kbps

3.401

3.746

4.098

3.401

3.746

3.764

3.401

3.715

3.09

3.397

3.662

2.714

3.325

3.216

2.263

3.084

2.8

1.863



		Redundacy level "R"		R0		R1		R2		R3

		Additional Decoding Delay		0ms		20 ms		40 ms		60ms

										0 ms additional delay																										Error robustness for iLBC15.2, AMR12.2, AMR6.7 and AMR4.75, (uniform error channel)

										20 ms additional delay

										40 ms additional delay

										60 ms additional delay





		0		0		0		0

		1		1		1		1

		5		5		5		5

		10		10		10		10

		20		20		20		20

		30		30		30		30



4,75R0= 4,75

6,70R0= 6,70

12,2R0= 12,2

15,2R0= 15,2

Erasure Rate in %

Clean Speech PESQ score

0 ms additional delay

3.401

3.746

4.098

3.916

3.242

3.522

3.764

3.739

2.808

2.942

3.09

3.353

2.525

2.604

2.714

3.102

2.067

2.121

2.263

2.652

1.726

1.741

1.863

2.282
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		5		5		5		5

		10		10		10		10

		20		20		20		20

		30		30		30		30



4,75R1= 9,50

6,70R1= 13,4

12,2R1= 24,4

15,2R1= 30,4

Erasure Rate in %

Clean Speech PESQ score

20 ms additional delay

3.401

3.746

4.098

3.916

3.401

3.746

4.098

3.916

3.383

3.715

4.06

3.895

3.352

3.662

3.981

3.824

3.022

3.216

3.446

3.535

2.672

2.8

2.973

3.124
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		10		10		10		10

		20		20		20		20

		30		30		30		30



4,75R2=14,25

6,70R2= 20,1

12,2R2= 36,6

15,2R2= 45,6

Erasure Rate in %

Clean Speech PESQ score

40 ms additional delay

3.401

3.746

4.098

3.916

3.401

3.746

4.098

3.916

3.401

3.746

4.098

3.916

3.397

3.739

4.08

3.91

3.325

3.62

3.887

3.831

3.084

3.299

3.475

3.585
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		20		20		20		20
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4,75R3=19,00

6,70R3= 26,8

12,2R3= 48,8

15,2R3= 60,8

Erasure Rate in %

Clean Speech PESQ score

60 ms additional delay

3.401

3.746

4.098

3.916

3.401

3.746

4.098

3.916

3.401

3.746

4.098

3.916

3.401

3.746

4.098

3.916

3.4

3.746

4.098

3.905

3.253

3.532

3.819

3.764
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4,75R0= 4,75

6,70R0= 6,70

12,2R0= 12,2

15,2R0= 15,2

Erasure Rate in %

Clean Speech PESQ score

Error robustness for iLBC15.2, AMR12.2, AMR6.7 and AMR4.75, (uniform error channel)

3.401

3.746

4.098

3.916

3.242

3.522

3.764

3.739

2.808

2.942

3.09

3.353

2.525

2.604

2.714

3.102

2.067

2.121

2.263

2.652

1.726

1.741

1.863

2.282



				Redundacy level "R"		R0		R1		R2		R3

				Additional Decoding Delay		0ms		20 ms		40 ms		60ms

				AMR using Redundancy

						Clean Speech PESQ score

						Erasure Rate in %

						0		1		5		10		20		30

		Codec		4,75R0= 4,75		3.40		3.24		2.81		2.53		2.07		1.73

				4,75R1= 9,50		3.40		3.40		3.38		3.35		3.02		2.67

				4,75R2=14,25		3.40		3.40		3.40		3.40		3.33		3.08

				4,75R3=19,00		3.40		3.40		3.40		3.40		3.40		3.25

				6,70R0= 6,70		3.746		3.522		2.942		2.604		2.121		1.741

				6,70R1= 13,4		3.746		3.746		3.715		3.662		3.216		2.8

				6,70R2= 20,1		3.746		3.746		3.746		3.739		3.62		3.299

				6,70R3= 26,8		3.746		3.746		3.746		3.746		3.746		3.532

				12,2R0= 12,2		4.098		3.764		3.09		2.714		2.263		1.863

				12,2R1= 24,4		4.098		4.098		4.06		3.981		3.446		2.973

				12,2R2= 36,6		4.098		4.098		4.098		4.08		3.887		3.475

				12,2R3= 48,8		4.098		4.098		4.098		4.098		4.098		3.819

				15,2R0= 15,2		3.916		3.739		3.353		3.102		2.652		2.282

				15,2R1= 30,4		3.916		3.916		3.895		3.824		3.535		3.124

				15,2R2= 45,6		3.916		3.916		3.916		3.91		3.831		3.585

				15,2R3= 60,8		3.916		3.916		3.916		3.916		3.905		3.764

						0		1		5		10		20		30

		iLBC		15,2R0= 15,2		3.916		3.739		3.353		3.102		2.652		2.282

		AMR122 R0		12,2R0= 12,2		4.098		3.764		3.09		2.714		2.263		1.863

		AMR67   R1		6,70R1= 13,4		3.746		3.746		3.715		3.662		3.216		2.8

		AMR475 R2		4,75R2=14,25		3.401		3.401		3.401		3.397		3.325		3.084

		AMR				4.098		3.764		3.715		3.662		3.325		3.084

						0		1		2		5		7.5		10		12.5		15		17.5		20		22.5		25		27.5		30

		AMR122 R: 0%		12,2R0= 12,2		4.10		3.76		3.43		3.09		2.90		2.71		2.60		2.49		2.38		2.26		2.16		2.06		1.96		1.86

		AMR67   R: 100%		6,70R1= 13,4		3.75		3.75		3.73		3.72		3.69		3.66		3.56		3.45		3.33		3.22		3.11		3.01		2.90		2.80

		AMR475 R: 200%		4,75R2=14,25		3.40		3.40		3.40		3.40		3.40		3.40		3.38		3.36		3.34		3.33		3.26		3.20		3.14		3.08

		AMR        R:0-200%				4.10		3.76		3.73		3.72		3.69		3.66		3.56		3.45		3.34		3.33		3.26		3.20		3.14		3.08
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4,75R0= 4,75

4,75R1= 9,50

4,75R2=14,25

4,75R3=19,00

Erasure Rate in %

Clean Speech PESQ score

AMR using Redundancy

3.401

3.401

3.401

3.401

3.242

3.401

3.401

3.401

2.808

3.383

3.401

3.401

2.525

3.352

3.397

3.401

2.067

3.022

3.325

3.4

1.726

2.672

3.084

3.253
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6,70R0= 6,70

6,70R1= 13,4

6,70R2= 20,1

6,70R3= 26,8

Erasure Rate in %

Clean Speech PESQ score

AMR using Redundancy

3.746

3.746

3.746

3.746

3.522

3.746

3.746

3.746

2.942

3.715

3.746

3.746

2.604

3.662

3.739

3.746

2.121

3.216

3.62

3.746

1.741

2.8

3.299

3.532
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12,2R0= 12,2

12,2R1= 24,4

12,2R2= 36,6

12,2R3= 48,8

Erasure Rate in %

Clean Speech PESQ score

AMR using Redundancy

4.098

4.098

4.098

4.098

3.764

4.098

4.098

4.098

3.09

4.06

4.098

4.098

2.714

3.981

4.08

4.098

2.263

3.446

3.887

4.098

1.863

2.973

3.475

3.819
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15,2R0= 15,2

15,2R1= 30,4

15,2R2= 45,6

15,2R3= 60,8

Erasure Rate in %

Clean Speech PESQ score

iLBC 15.2 kbps with redundacy

3.916

3.916

3.916

3.916

3.739

3.916

3.916

3.916

3.353

3.895

3.916

3.916

3.102

3.824

3.91

3.916

2.652

3.535

3.831

3.905

2.282

3.124

3.585

3.764



		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0
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		30		30		30		30		30		30		30		30		30		30		30		30		30		30		30		30



4,75R0= 4,75

4,75R1= 9,50

4,75R2=14,25

4,75R3=19,00

6,70R0= 6,70

6,70R1= 13,4

6,70R2= 20,1

6,70R3= 26,8

12,2R0= 12,2

12,2R1= 24,4

12,2R2= 36,6

12,2R3= 48,8

15,2R0= 15,2

15,2R1= 30,4

15,2R2= 45,6

15,2R3= 60,8

Erasure Rate in %

Clean Speech PESQ score

ALL using redundacy

3.401

3.401

3.401

3.401

3.746

3.746

3.746

3.746

4.098

4.098

4.098

4.098

3.916

3.916

3.916

3.916

3.242

3.401

3.401

3.401

3.522

3.746

3.746

3.746

3.764

4.098

4.098

4.098

3.739

3.916

3.916

3.916

2.808

3.383

3.401

3.401

2.942

3.715

3.746

3.746

3.09

4.06

4.098

4.098

3.353

3.895

3.916

3.916

2.525

3.352

3.397

3.401

2.604

3.662

3.739

3.746

2.714

3.981

4.08

4.098

3.102

3.824

3.91

3.916

2.067

3.022

3.325

3.4

2.121

3.216

3.62

3.746

2.263

3.446

3.887

4.098

2.652

3.535

3.831

3.905

1.726

2.672

3.084

3.253

1.741

2.8

3.299

3.532

1.863

2.973

3.475

3.819

2.282

3.124

3.585

3.764
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6,70R0= 6,70

6,70R1= 13,4

12,2R0= 12,2

12,2R1= 24,4

15,2R0= 15,2

15,2R1= 30,4

Erasure Rate in %

Clean Speech PESQ score

AMR6.7, AMR12.2, ILBC15.2 with and w/o redundancy

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		



iLBC

AMR122 R0

AMR67   R1

AMR475 R2

AMR

Errasure rate [%]

PESQ score (clean speech)

AMR and iLBC on random loss channels



		



AMR122 R: 0%

AMR67   R: 100%

AMR475 R: 200%

AMR        R:0-200%

Packet loss rate [%]

PESQ score (clean speech)

AMR with redundancy, random loss



		Title		Simulation results for AMR on erasure channels with uniform error distribution

		Rate				Segment

		4.75		Total		1		2		3		4		5		6		7		8		File		fer		red		Codec		total codec rate kbps		total RTP rate kbps		PESQ

				3.401		3.488		3.194		3.525		3.361		3.445		3.243		3.495		3.453		wd98clean.amrenc.MR475.fer.0.red.0.amrdec.raw		0		0		4,75R0		4.75		20.75		3.40

				3.242		3.362		3.194		3.227		3.101		3.089		3.148		3.389		3.428		wd98clean.amrenc.MR475.fer.1.red.0.amrdec.raw		1		0		4,75R0		4.75		20.75		3.24

				2.808		2.884		2.789		2.765		2.9		2.514		2.6		3.074		2.941		wd98clean.amrenc.MR475.fer.5.red.0.amrdec.raw		5		0		4,75R0		4.75		20.75		2.81

				2.525		2.385		2.356		2.592		2.592		2.283		2.418		2.845		2.729		wd98clean.amrenc.MR475.fer.10.red.0.amrdec.raw		10		0		4,75R0		4.75		20.75		2.53

				2.067		1.903		1.791		1.995		2.304		1.73		1.975		2.597		2.239		wd98clean.amrenc.MR475.fer.20.red.0.amrdec.raw		20		0		4,75R0		4.75		20.75		2.07

				1.726		1.55		1.506		1.633		1.926		1.44		1.707		1.944		2.099		wd98clean.amrenc.MR475.fer.30.red.0.amrdec.raw		30		0		4,75R0		4.75		20.75		1.73

				3.401		3.488		3.194		3.525		3.361		3.445		3.243		3.495		3.453		wd98clean.amrenc.MR475.fer.1.red.1.amrdec.raw		1		1		4,75R1		9.50		25.50		3.40

				3.383		3.464		3.193		3.525		3.301		3.44		3.243		3.447		3.453		wd98clean.amrenc.MR475.fer.5.red.1.amrdec.raw		5		1		4,75R1		9.50		25.50		3.38

				3.352		3.423		3.161		3.501		3.27		3.441		3.147		3.42		3.453		wd98clean.amrenc.MR475.fer.10.red.1.amrdec.raw		10		1		4,75R1		9.50		25.50		3.35

				3.022		3.097		2.615		2.996		3.203		2.844		2.906		3.326		3.193		wd98clean.amrenc.MR475.fer.20.red.1.amrdec.raw		20		1		4,75R1		9.50		25.50		3.02

				2.672		2.608		2.592		2.577		2.994		2.352		2.427		2.748		3.077		wd98clean.amrenc.MR475.fer.30.red.1.amrdec.raw		30		1		4,75R1		9.50		25.50		2.67

				3.401		3.488		3.194		3.525		3.361		3.445		3.243		3.495		3.453		wd98clean.amrenc.MR475.fer.1.red.2.amrdec.raw		1		2		4,75R2		14.25		30.25		3.40

				3.401		3.488		3.194		3.525		3.361		3.445		3.243		3.495		3.453		wd98clean.amrenc.MR475.fer.5.red.2.amrdec.raw		5		2		4,75R2		14.25		30.25		3.40

				3.397		3.488		3.194		3.525		3.331		3.445		3.243		3.495		3.453		wd98clean.amrenc.MR475.fer.10.red.2.amrdec.raw		10		2		4,75R2		14.25		30.25		3.40

				3.325		3.398		3.11		3.421		3.324		3.316		3.147		3.431		3.453		wd98clean.amrenc.MR475.fer.20.red.2.amrdec.raw		20		2		4,75R2		14.25		30.25		3.33

				3.084		3.14		3.033		3.095		3.312		2.879		2.604		3.162		3.445		wd98clean.amrenc.MR475.fer.30.red.2.amrdec.raw		30		2		4,75R2		14.25		30.25		3.08

				3.401		3.488		3.194		3.525		3.361		3.445		3.243		3.495		3.453		wd98clean.amrenc.MR475.fer.1.red.3.amrdec.raw		1		3		4,75R3		19.00		35.00		3.40

				3.401		3.488		3.194		3.525		3.361		3.445		3.243		3.495		3.453		wd98clean.amrenc.MR475.fer.5.red.3.amrdec.raw		5		3		4,75R3		19.00		35.00		3.40

				3.401		3.488		3.194		3.525		3.361		3.445		3.243		3.495		3.453		wd98clean.amrenc.MR475.fer.10.red.3.amrdec.raw		10		3		4,75R3		19.00		35.00		3.40

				3.4		3.488		3.194		3.525		3.361		3.444		3.243		3.495		3.453		wd98clean.amrenc.MR475.fer.20.red.3.amrdec.raw		20		3		4,75R3		19.00		35.00		3.40

				3.253		3.409		3.151		3.239		3.361		3.069		2.979		3.367		3.453		wd98clean.amrenc.MR475.fer.30.red.3.amrdec.raw		30		3		4,75R3		19.00		35.00		3.25

				Total		1		2		3		4		5		6		7		8		File		fer		red		Codec		total codec rate kbps		total RTP rate kbps		PESQ

		6.7		3.746		3.83		3.511		3.834		3.731		3.753		3.617		3.831		3.864		wd98clean.amrenc.MR67.fer.0.red.0.amrdec.raw		0		0		6,70R0		6.70		22.70		3.746

				3.522		3.643		3.511		3.476		3.411		3.292		3.407		3.639		3.795		wd98clean.amrenc.MR67.fer.1.red.0.amrdec.raw		1		0		6,70R0		6.70		22.70		3.522

				2.942		2.876		3.009		2.905		3.167		2.623		2.723		3.216		3.019		wd98clean.amrenc.MR67.fer.5.red.0.amrdec.raw		5		0		6,70R0		6.70		22.70		2.942

				2.604		2.355		2.433		2.709		2.762		2.352		2.538		3.013		2.67		wd98clean.amrenc.MR67.fer.10.red.0.amrdec.raw		10		0		6,70R0		6.70		22.70		2.604

				2.121		1.888		1.807		2.144		2.336		1.796		2.04		2.744		2.217		wd98clean.amrenc.MR67.fer.20.red.0.amrdec.raw		20		0		6,70R0		6.70		22.70		2.121

				1.741		1.556		1.405		1.616		1.944		1.49		1.749		2.069		2.098		wd98clean.amrenc.MR67.fer.30.red.0.amrdec.raw		30		0		6,70R0		6.70		22.70		1.741

				3.746		3.83		3.511		3.834		3.731		3.753		3.617		3.831		3.864		wd98clean.amrenc.MR67.fer.1.red.1.amrdec.raw		1		1		6,70R1		13.40		29.40		3.746

				3.715		3.786		3.508		3.834		3.633		3.74		3.617		3.737		3.864		wd98clean.amrenc.MR67.fer.5.red.1.amrdec.raw		5		1		6,70R1		13.40		29.40		3.715

				3.662		3.7		3.419		3.82		3.6		3.743		3.436		3.731		3.844		wd98clean.amrenc.MR67.fer.10.red.1.amrdec.raw		10		1		6,70R1		13.40		29.40		3.662

				3.216		3.18		2.739		3.113		3.462		3.008		3.144		3.565		3.52		wd98clean.amrenc.MR67.fer.20.red.1.amrdec.raw		20		1		6,70R1		13.40		29.40		3.216

				2.8		2.66		2.715		2.608		3.172		2.421		2.537		2.949		3.341		wd98clean.amrenc.MR67.fer.30.red.1.amrdec.raw		30		1		6,70R1		13.40		29.40		2.8

				3.746		3.83		3.511		3.834		3.731		3.753		3.617		3.831		3.864		wd98clean.amrenc.MR67.fer.1.red.2.amrdec.raw		1		2		6,70R2		20.10		36.10		3.746

				3.746		3.83		3.511		3.834		3.731		3.753		3.617		3.831		3.864		wd98clean.amrenc.MR67.fer.5.red.2.amrdec.raw		5		2		6,70R2		20.10		36.10		3.746

				3.739		3.83		3.511		3.834		3.673		3.753		3.617		3.831		3.864		wd98clean.amrenc.MR67.fer.10.red.2.amrdec.raw		10		2		6,70R2		20.10		36.10		3.739

				3.62		3.712		3.337		3.727		3.642		3.503		3.436		3.736		3.864		wd98clean.amrenc.MR67.fer.20.red.2.amrdec.raw		20		2		6,70R2		20.10		36.10		3.62

				3.299		3.307		3.223		3.26		3.636		2.985		2.78		3.382		3.821		wd98clean.amrenc.MR67.fer.30.red.2.amrdec.raw		30		2		6,70R2		20.10		36.10		3.299

				3.746		3.83		3.511		3.834		3.731		3.753		3.617		3.831		3.864		wd98clean.amrenc.MR67.fer.1.red.3.amrdec.raw		1		3		6,70R3		26.80		42.80		3.746

				3.746		3.83		3.511		3.834		3.731		3.753		3.617		3.831		3.864		wd98clean.amrenc.MR67.fer.5.red.3.amrdec.raw		5		3		6,70R3		26.80		42.80		3.746

				3.746		3.83		3.511		3.834		3.731		3.753		3.617		3.831		3.864		wd98clean.amrenc.MR67.fer.10.red.3.amrdec.raw		10		3		6,70R3		26.80		42.80		3.746

				3.746		3.83		3.511		3.834		3.731		3.753		3.617		3.831		3.864		wd98clean.amrenc.MR67.fer.20.red.3.amrdec.raw		20		3		6,70R3		26.80		42.80		3.746

				3.532		3.709		3.429		3.448		3.731		3.216		3.248		3.609		3.864		wd98clean.amrenc.MR67.fer.30.red.3.amrdec.raw		30		3		6,70R3		26.80		42.80		3.532

				Total		1		2		3		4		5		6		7		8		File		fer		red		Codec		total codec rate kbps		total RTP rate kbps		PESQ

		12.2		4.098		4.12		3.972		4.151		4.156		4.081		4.04		4.132		4.135		wd98clean.amrenc.MR122.fer.0.red.0.amrdec.raw		0		0		12,20R0		12.20		28.20		4.098

				3.764		3.87		3.972		3.594		3.667		3.595		3.644		3.746		4.021		wd98clean.amrenc.MR122.fer.1.red.0.amrdec.raw		1		0		12,20R0		12.20		28.20		3.764

				3.09		3.132		3.044		2.937		3.339		2.897		2.863		3.394		3.116		wd98clean.amrenc.MR122.fer.5.red.0.amrdec.raw		5		0		12,20R0		12.20		28.20		3.09

				2.714		2.502		2.481		2.724		2.852		2.703		2.642		3.061		2.747		wd98clean.amrenc.MR122.fer.10.red.0.amrdec.raw		10		0		12,20R0		12.20		28.20		2.714

				2.263		2.131		2.043		2.053		2.525		2.038		2.247		2.761		2.304		wd98clean.amrenc.MR122.fer.20.red.0.amrdec.raw		20		0		12,20R0		12.20		28.20		2.263

				1.863		1.756		1.751		1.611		2.039		1.655		1.86		2.068		2.166		wd98clean.amrenc.MR122.fer.30.red.0.amrdec.raw		30		0		12,20R0		12.20		28.20		1.863

				4.098		4.12		3.972		4.151		4.156		4.081		4.04		4.132		4.135		wd98clean.amrenc.MR122.fer.1.red.1.amrdec.raw		1		1		12,20R1		24.40		40.40		4.098

				4.06		4.035		3.967		4.151		4.052		4.063		4.04		4.036		4.135		wd98clean.amrenc.MR122.fer.5.red.1.amrdec.raw		5		1		12,20R1		24.40		40.40		4.06

				3.981		3.955		3.885		4.093		3.935		4.067		3.742		4.039		4.13		wd98clean.amrenc.MR122.fer.10.red.1.amrdec.raw		10		1		12,20R1		24.40		40.40		3.981

				3.446		3.587		3.134		3.363		3.679		3.07		3.467		3.653		3.618		wd98clean.amrenc.MR122.fer.20.red.1.amrdec.raw		20		1		12,20R1		24.40		40.40		3.446

				2.973		2.923		3.003		2.767		3.329		2.59		2.693		3.028		3.454		wd98clean.amrenc.MR122.fer.30.red.1.amrdec.raw		30		1		12,20R1		24.40		40.40		2.973

				4.098		4.12		3.972		4.151		4.156		4.081		4.04		4.132		4.135		wd98clean.amrenc.MR122.fer.1.red.2.amrdec.raw		1		2		12,20R2		36.60		52.60		4.098

				4.098		4.12		3.972		4.151		4.156		4.081		4.04		4.132		4.135		wd98clean.amrenc.MR122.fer.5.red.2.amrdec.raw		5		2		12,20R2		36.60		52.60		4.098

				4.08		4.12		3.972		4.151		4.013		4.081		4.04		4.132		4.135		wd98clean.amrenc.MR122.fer.10.red.2.amrdec.raw		10		2		12,20R2		36.60		52.60		4.08

				3.887		4.014		3.58		3.866		4.011		3.818		3.74		3.932		4.135		wd98clean.amrenc.MR122.fer.20.red.2.amrdec.raw		20		2		12,20R2		36.60		52.60		3.887

				3.475		3.439		3.471		3.331		3.802		3.185		3.036		3.458		4.078		wd98clean.amrenc.MR122.fer.30.red.2.amrdec.raw		30		2		12,20R2		36.60		52.60		3.475

				4.098		4.12		3.972		4.151		4.156		4.081		4.04		4.132		4.135		wd98clean.amrenc.MR122.fer.1.red.3.amrdec.raw		1		3		12,20R3		48.80		64.80		4.098

				4.098		4.12		3.972		4.151		4.156		4.081		4.04		4.132		4.135		wd98clean.amrenc.MR122.fer.5.red.3.amrdec.raw		5		3		12,20R3		48.80		64.80		4.098

				4.098		4.12		3.972		4.151		4.156		4.081		4.04		4.132		4.135		wd98clean.amrenc.MR122.fer.10.red.3.amrdec.raw		10		3		12,20R3		48.80		64.80		4.098

				4.098		4.12		3.972		4.151		4.156		4.079		4.039		4.132		4.135		wd98clean.amrenc.MR122.fer.20.red.3.amrdec.raw		20		3		12,20R3		48.80		64.80		4.098

				3.819		4.013		3.802		3.635		4.156		3.406		3.577		3.827		4.135		wd98clean.amrenc.MR122.fer.30.red.3.amrdec.raw		30		3		12,20R3		48.80		64.80		3.819

		iLBC

				Total		1		2		3		4		5		6		7		8		File		fer		red		Codec		total codec rate kbps		total RTP rate kbps		PESQ

		15.2		3.916		3.892		3.749		3.978		3.983		3.836		3.842		3.996		4.056		wd98clean.ilbc.20.fer.0.red.0.dec.raw		0		0		15,20R0		15.20		31.20		3.916

				3.739		3.696		3.581		3.851		3.638		3.697		3.684		3.932		3.836		wd98clean.ilbc.20.fer.1.red.0.dec.raw		1		0		15,20R0		15.20		31.20		3.739

				3.353		3.235		3.257		3.354		3.269		3.334		3.504		3.306		3.563		wd98clean.ilbc.20.fer.5.red.0.dec.raw		5		0		15,20R0		15.20		31.20		3.353

				3.102		3.05		2.972		3.118		3.046		2.939		3.209		3.026		3.454		wd98clean.ilbc.20.fer.10.red.0.dec.raw		10		0		15,20R0		15.20		31.20		3.102

				2.652		2.594		2.409		2.608		2.667		2.516		2.657		2.642		3.122		wd98clean.ilbc.20.fer.20.red.0.dec.raw		20		0		15,20R0		15.20		31.20		2.652

				2.282		2.312		1.871		2.225		2.289		2.422		2.022		2.423		2.691		wd98clean.ilbc.20.fer.30.red.0.dec.raw		30		0		15,20R0		15.20		31.20		2.282

				3.916		3.892		3.749		3.978		3.983		3.836		3.842		3.996		4.056		wd98clean.ilbc.20.fer.1.red.1.dec.raw		1		1		15,20R1		30.40		46.40		3.916

				3.895		3.881		3.749		3.94		3.983		3.746		3.842		3.966		4.056		wd98clean.ilbc.20.fer.5.red.1.dec.raw		5		1		15,20R1		30.40		46.40		3.895

				3.824		3.775		3.749		3.951		3.904		3.639		3.79		3.827		3.959		wd98clean.ilbc.20.fer.10.red.1.dec.raw		10		1		15,20R1		30.40		46.40		3.824

				3.535		3.5		3.553		3.597		3.551		3.402		3.461		3.451		3.769		wd98clean.ilbc.20.fer.20.red.1.dec.raw		20		1		15,20R1		30.40		46.40		3.535

				3.124		3.116		3.197		3.171		3.153		3.164		2.815		3.008		3.369		wd98clean.ilbc.20.fer.30.red.1.dec.raw		30		1		15,20R1		30.40		46.40		3.124

				3.916		3.892		3.749		3.978		3.983		3.836		3.842		3.996		4.056		wd98clean.ilbc.20.fer.1.red.2.dec.raw		1		2		15,20R2		45.60		61.60		3.916

				3.916		3.892		3.749		3.978		3.983		3.836		3.842		3.996		4.056		wd98clean.ilbc.20.fer.5.red.2.dec.raw		5		2		15,20R2		45.60		61.60		3.916

				3.91		3.892		3.749		3.978		3.983		3.781		3.842		3.996		4.056		wd98clean.ilbc.20.fer.10.red.2.dec.raw		10		2		15,20R2		45.60		61.60		3.91

				3.831		3.892		3.749		3.952		3.965		3.731		3.548		3.819		3.99		wd98clean.ilbc.20.fer.20.red.2.dec.raw		20		2		15,20R2		45.60		61.60		3.831

				3.585		3.602		3.678		3.778		3.79		3.428		3.047		3.426		3.929		wd98clean.ilbc.20.fer.30.red.2.dec.raw		30		2		15,20R2		45.60		61.60		3.585

				3.916		3.892		3.749		3.978		3.983		3.836		3.842		3.996		4.056		wd98clean.ilbc.20.fer.1.red.3.dec.raw		1		3		15,20R3		60.80		76.80		3.916

				3.916		3.892		3.749		3.978		3.983		3.836		3.842		3.996		4.056		wd98clean.ilbc.20.fer.5.red.3.dec.raw		5		3		15,20R3		60.80		76.80		3.916

				3.916		3.892		3.749		3.978		3.983		3.836		3.842		3.996		4.056		wd98clean.ilbc.20.fer.10.red.3.dec.raw		10		3		15,20R3		60.80		76.80		3.916

				3.905		3.892		3.749		3.978		3.983		3.836		3.748		3.996		4.056		wd98clean.ilbc.20.fer.20.red.3.dec.raw		20		3		15,20R3		60.80		76.80		3.905

				3.764		3.803		3.749		3.845		3.978		3.58		3.425		3.774		3.96		wd98clean.ilbc.20.fer.30.red.3.dec.raw		30		3		15,20R3		60.80		76.80		3.764



Yellow columns contains interpolated results
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