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1 Background and Introduction
3GPP GERAN considers currently a proposal to send SMS over FACCH during a GSM voice call and has sent an LS to 3GPP SA4, asking for guidance on potential speech quality impacts.
This paper reports on real-time recording of speech and other signals (sine wave) in Mobile-to-Mobile calls, while many SMS are transmitted in parallel, both via the standardized method “SMS over SACCH” and via the proposed new method “SMS over FACCH”.
The results are presented in form of various selected audio samples and in form of expert listening and opinions. Some background on SMS and SMS/FACCH is presented together with background on Error Concealment for this specific case of well marked, stolen speech frames.
2 SMS Transmission in GSM during a voice call
SMS transmission during a voice call is not a typical event. In most cases either speech or SMS is applied by users. But SMS during a voice call is supported in 3GPP and several applications make use if it. A fast SMS transmission would of course be better in many cases.
2.1 SMS Design

The body of an SMS (the user data) may have between 1 and 140 octets. Using a 7-bit code per character, the well known 160 characters per SMS can be sent (western languages). Each SMS has, however, also a header, including A-Number, B-Number, SMSC-Number and various control octets. To make it short: an SMS header may have up to about 45 octets and the total SMS payload may have up to about 185 octets (just more than 180). The shortest SMS may have less than 40 octets. Several SMS can be concatenated for longer messages.
2.2 SMS Transmission today

If an SMS is sent during a GSM voice call, then the so called “Service Access Point 3” (SAPI3) is used between MS and MSC and this SAPI3 is mapped by the BSS to the so called “Slow Associated Control Channel” (SACCH) on the radio interface. 
This SACCH is independent of the voice traffic channel and no speech quality impairment is perceived – for the payload of the SMS. 
One SACCH transmits about 20 (18?) octets of playload, which is channel error protected and interleaved across 4 TDMA bursts, one TDMA burst sent every 120ms. One SACCH takes therefore 480 ms for transmission.
The SMS transmission during a voice call has to share these SACCHs with the radio link management.  Due to that only every second SACCH, i.e. every 960 ms, can be used. The radio link management is somewhat slower and therefore weaker during that time.

As said one block of about 20 octets of the SMS can be transmitted in one SACCH frame. Each block is sent and then acknowledged by an SACCH frame in the opposite direction. The block is then either repeated (in case of detected errors) or the next block is sent. With other words: about 10 (11?) SACCH frames are necessary to transmit one full SMS over an ideal radio channel. At the end of the protocol another frame is used to acknowledge that the SMS was successfully delivered to the SMS Service Center (“SMS sent”). The transmission time of a full SMS over SACCH takes then at least 12*960ms = 11.520 seconds, ideal radio conditions assumed. It may take longer under bad radio conditions.
To setup the SMS-transmission some higher layer control signalling is needed and this is using the so called “Service Access Point 0” (SAPI0), which is mapped by the BSS to the “Fast Associated Control Channel” (FACCH). FACCH, however, uses speech frame stealing in GSM. Therefore also legacy SMSes of today have some speech quality impairment. Most likely no user has ever noticed that. 
One FACCH carries also about 20 octets of payload, which is channel protected and interleaved across 8 TDMA (half-)bursts. FACCH are therefore better protected than SACCH and provide a lower frame error rate under same radio conditions. The differentiation between Speech frames and FACCH frames is achieved by 8 so called “stealing flags”, which are located in every TDMA half-burst closest to the mid-ample, where they have maximum error protection. The likelihood to mis-take an FACCH frame as Speech frame is therefore very small and can be neglected. This fact is important to consider for Error Concealment of stolen frames.
2.3 Proposed SMS Transmission via FACCH
The proposal under discussion in GERAN uses SAPI0 / FACCH not only for the control plane signalling, but also for the payload of the SMS. Instead on 1 speech frame in each direction (as in SMS over SACCH) now 11 speech frames (1 + 10) are stolen in each direction. 

To be precise: also at the end of each successful SMS delivery (via SACCH and via FACCH) some control signalling is needed (“SMS sent”) between MSC and MS and some few more frames are stolen, all in all up to 14 maximum. There may be more, if the radio conditions are bad.
Due to the radio protocol design (ARQ: Req – Ack) for FACCH and due to the round trip delay between MS and BTS, mainly due to the interleaving, about every 120 … 140ms one speech frame is stolen by an FACCH in each direction. Of course one user would hear only the distortions inserted in one direction.
The transmission of the shortest SMS over FACCH takes therefore about 5 FACCH or 4*120ms = 480ms, i.e. about 0.5 seconds (under ideal radio conditions). 
The transmission of the longest SMS over FACCH takes about 14 FACCH or 13*120ms = 1560ms, i.e. about 1.5 seconds (under ideal radio conditions).
SMS over FACCH is about 7 times faster that SMS over SACCH under ideal radio conditions.  Due to the superior FACCH performance it is more robust against radio disturbances, i.e. under non-ideal radio conditions the speed factor between SMS over FACCH and SMS over SACCH increases. This performance estimations have been reported earlier in S4-100940, here the essential extracts:
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Figure 2.3.1: Delivery time of SMS via SACCH versus C/I
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Figure 2.3.2: Delivery time of SMS via FACCH versus C/I
Preliminary conclusion: SMS over FACCH is simple to realize (just use the existing SAPI0) and has substantial advantages in terms of speed and reliability.
The main questions are now: 
What is the impact on the perceived speech quality?
Will the users notice degradation?
Is the degradation maybe hidden behind other effects?

3 Speech Coding, Transmission and Error Concealment

All 3GPP Speech Codecs are designed according to similar principles: 
the input speech signal is subdivided into speech frames of 20ms to 25ms duration;
each speech frame is treated by digital signal processing to reduce redundancy and irrelevancy within the frame to the largest extend;
the essential features of the frame are finally coded in various speech parameters;
the speech frame parameter set is channel protected and transmitted;
this process is repeated every 20ms, even if the frame duration is 25 ms.
Important is that due to the nature of speech the correlation between neighbouring speech frames is in general high; this redundancy between speech frames is still present to a large extend between the coded parameter sets of neighbouring speech frames.

To minimize the audible effects of a stolen, or lost, or corrupted speech frame parameter set at receiver side, it is already quite efficient to replace the lost parameter sets by the parameter set of the previous good speech frame. Already in the early days of GSM, where error protection and error concealment for the GSM_FR Codec was designed, it was noticed that it is de facto inaudible, when every 10th speech frame is stolen and replaced by the previous one! This effect is still present in all modern Codecs. Extract from TS 26.091 “Adaptive Multi-Rate (AMR) speech codec; Error concealment of lost frames”, chapter 5.2:

“Normal decoding of lost (the author: or corrupted or stolen) speech frames would result in very unpleasant noise effects. In order to improve the subjective quality, lost speech frames shall be substituted with either a repetition or an extrapolation of the previous good speech frame(s). This substitution is done so that it gradually will decrease the output level, resulting in silence at the output (the author: after several lost frames in a row)”.
Important to note is, that the State Variables of the speech decoder can recover quite efficiently from the influence of isolated stolen speech frames: if the distance between one stolen frame and the next stolen frame is large enough – and enough is in the order of 100ms – then the effects do not add up. Also this is an important effect of the selected Speech Codec algorithms: they don’t squeeze all redundancy out and they have per design a “leakage” in their memory in order to “forget” transmission errors quickly.
Essential for good speech reproduction is that the differentiation/classification between lost, stolen, corrupted and good speech frames is as precise as possible at receiver side. This differentiation is not as easy as it may seem: the channel error protection by the convolutional channel-codecs allows good error correction, but only some limited error detection in channel-decoded frames. This error detection is not sufficient for good speech quality. Therefore CRC-bits were always added for improved error detection for all Speech Codecs. The first Codec, GSM_FR has the least CRC protection (3 bits only), the AMR has the strongest CRC (8 bits). So on long term average only every 256th corrupted frame is not detected as corrupt. That’s small, but still noticeable and may cause every now and then a nasty output signal. Then this CRC protects only the most important bits, 50 of 244 in case of AMR (12.2). Less important speech parameter bits are not covered by the CRC and errors in these bits are more or less noticeable in the output signal as distortion. State of the art receivers deploy therefore other means in addition to improve this classification, but still the problem exists to some extend.
In contrast to this: stolen speech frames, stolen by FACCH, are very well detected due to the mentioned 8 FACCH stealing bits and the difference in channel protection between FACCH frames and speech frames. It is in theory and de facto very unlikely that an FACCH-stolen speech frame is misclassified as “good speech” frame and blindly decoded by the speech decoder. Error concealment for stolen speech frames works remarkably well. That is old wisdom.
On Full Rate traffic channels (i.e. using the Codecs GSM_FR, GSM_EFR, FR_AMR and FR_AMR-WB) the FACCH stealing affects only single, isolated speech frames in a distance of 120 to 140ms. Error concealment works quite well here. 

On Half Rate traffic channels (i.e. using the GSM_HR and the HR_AMR) the FACCH stealing affects two neighbouring frames, in a distance of 180 to 200ms. Error concealment works less efficient and these cases must be inspected specifically. SMS transmission is also slower. On the good side counts the longer recovery time between stolen frames.
Important to note is finally: the performance of FACCH remains the same, regardless whether the associated traffic channel is Full Rate or Half Rate and regardless, which Speech Codec is selected. The performance of SMS over FACCH is independent of the selected Speech Codec: that is an important observation.
4 Test Setup for real time listening and recording
To capture the effects of SMS over FACCH a Mobile Station (MS1) and the Mobile Switching Center (MSC) were modified for the transmission of SMS over the existing logical “Service Access Point 0” (SAPI0) instead of SAPI3. These modifications are minor, since the logical SAPI0 channel exists and is transparent between MS and MSC. The Base Station Subsystem (BSS) remained unmodified. Figure 4.1 provides an overview.
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Figure 4.1: Test Setup

Voice calls were setup between two mobile stations and speech or other signals were sent through the voice paths in both directions. The recordings were made in a real GSM mobile network in lab environment, with A-Interface over IP and Transcoding Free Operation within the Core Network. No In-Path Equipment (IPE) was inserted into the voice path (no network echo cancellers, no noise reduction devices, no level adjustment or similar). The two Mobile Stations did not insert any Voice Quality Enhancement (VQE) devices (such as acoustic echo cancellers, level adjustments, noise reduction or similar). Radio errors were minimized by high quality C/I radio interfaces. The Speech Codecs, including DTX, Error Concealment, etc., were “of-the-shelf”.
In this way the best possible speech and signal transmission was achieved with the most transparent channels to observe potential speech quality impairments by FACCH frame stealing.
The stimulus signals were provided to the MSes via high quality analogue input (the testing LapTop used 16 kHz / 16 bit representation). The resulting output signals (“reaction”), after encoding – radio transmission – wireline transmission – radio transmission and decoding, were recorded via high quality analogue output (also here the LapTop used 16 kHz / 16 bit recordings). The path for the speech signals (and sine wave signals) is marked in figure 4.1 in green colour with solid lines. To keep the file sizes short for distribution down-sampling to 8 kHz was performed at the end.
SMS were sent, both, via SACCH and via FACCH, from MS1 via the MSC to the SMS-Service Center (SMSC) and back. This path is marked in blue colour with dashed lines.

Radio Interface 1 (marked with red colour and a red circle) is shared by SMS and speech. Here the speech frame stealing takes place, in both directions, regardless of the SMS-transmission direction. The Codecs within both mobile stations perform the usual Error Concealment for these stolen frames.

The SMS handling in both Mobile Stations were set such, that minimal additional distortions were added: only a small 3-tone-sequence for Alerting , when an SMS arrived. No vibrator alarm was set. No feedback-SMS (no “SMS received” message). In some cases SMS were send from one MS to the other MS, in that way crossing both radio interfaces and therefore causing two times – in some time-distance – frame stealing. In most cases the SMS was sent to another destination and so occurs only on radio 1.

The disturbances caused by frame stealing in downlink to MS1 are visible on MS1-output after about 40ms. The disturbances caused by frame stealing in uplink from MS1 are visible on MS2-output after about 100ms+40ms. The time difference is about 100ms, the traveling through BSS1, the Core Network and BSS2, which means: the recording of MS2-output must be "advanced" by about 100ms to reflect the exact timing at radio interface 1. This is not relevant for the perceived voice quality and is only mentioned here to explain the recordings. In some of the figures this timing-advance has been performed to allow a better visualization of the ARQ protocol.
The tests were performed with various GSM Speech Codecs, such as GSM_FR (13 kbps), GSM_HR (5.6 kbps), GSM_EFR (12.2 kbps), FR_AMR (12.2 kbps) and HR_AMR (7.4 kbps), always transcoding free.
5 Recordings and Observations
Figure 5.1 shows in one (complex) combination the results of two different recordings, each using the GSM_EFR in an MS-to-MS call with transcoding free operation. TrFO is providing the cleanest observation of frame stealing. GSM_EFR is well suited to demonstrate the effects of SMS over FACCH.
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Figure 5.1 The effect of SMS over FACCH on Sine-wave and Speech using GSM_EFR

The first (upper) track in figure 5.1 shows the effect of SMS over FACCH on a selected sine wave (here 3123 Hz). The effect is visible in the time domain due to the slight attenuation of the amplitude in Error Concealment. The effect is even more visible in the frequency domain. Every dark vertical line in the frequency domain signal is representing a stolen and replaced sine-wave frame. The effect is also clearly audible in this sine wave – although it is not at all annoying. For listening please refer to the attached PPT file.
In total 14 SMS have been sent over FACCH in this example. Each SMS had a size of 129 octets (header plus body), that’s slightly more than 64% of the maximum size of an SMS. 

There are some additional lines visible in this example (marked with ??). We did not research the reason behind that – some of the usual Call Control signalling.
The second, middle track shows the effect of SMS over FACCH on a long speech signal, composed of male speech (the “hat”) and whisper of a boy (young Harry) from the first Harry Potter DVD. Exactly (plus/minus some 50ms) where a dark line is visible in the sine wave track, there is also a stolen speech frame in the middle track due to the mentioned ARQ protocol. The Error Concealment works very well for stolen speech frames and it is not easy to find the stolen frames in the speech track.
For reference the third track shows the result of an undisturbed transmission under same conditions. This third track was recorded in the same call setup and copied by hand to fit below the disturbed speech signal.

Again, for listening to each track (in mono) or to pairs of tracks (in stereo) please refer to the PPT file. It is hard to hear any difference between the second and third track. If there is any, the effect is minor and not at all annoying – that’s the result of expert listening. Please listen yourself.
Figure 5.2 shows in one (complex) combination the results of two different recordings, each using the GSM_HR in an MS-to-MS call with transcoding free operation. GSM_HR represents the worst case Codec for SMS over FACCH, because two neighbouring speech frames are stolen by each FACCH.
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Figure 5.2 The effect of SMS over FACCH on Sine-wave and Speech using GSM_HR

Again, for listening to each track (in mono) or to pairs of tracks (in stereo) please refer to the PPT file. It is hard to hear any difference between the second and third track. If there is any, the effect is minor and not very annoying – that’s the result of expert listening.
More results can be found in the attached PPT file, they are skipped here, because the figures look all alike.

A final remark at this stage: 
of course nothing of FACCH-stealing is audible during speech pauses. DTX is constructed such, that SID Frames are send just after the FACCH in the rare case that an FACCH steals just the SID-position. Comfort Noise is anyway generated locally at receiver side. Considering that about 40% of a typical conversion consists of speech pauses (in one direction), this effect helps of course in addition.

Don’t believe we could send SMS over FACCH only in speech pauses! Remember that the ARQ protocol affects both directions of the speech conversation and – typically – one side is talking and so the other side is – hopefully – listening and would hear the effects of SMS over FACCH – if it would be audible.

6 Conclusion
Due to the short available time frame no intensive subjective listening tests have been performed. Instead, expert listening in real time environment and on recorded samples was conducted and the recorded speech material is provided to get an own impression by listening (see attachment).

The conclusion of the sourcing companies is:

SMS over FACCH has negligible effects on speech quality for all investigated Full Rate traffic channels. Only in rare events the distortion is noticeable.
SMS over FACCH has more, but still tolerable effects on speech quality for all investigated Half Rate traffic channels. In some occasions the distortion is noticeable, only in few occasions it is remarkable or annoying.

Considering that the SMS transmission has other side effects (user distraction when sending, user distraction when receiving, alerting tones when sending and receiving) these effects by stolen speech frames are well tolerable and in most cases not noticeable by end users.

Considering further that SMS over FACCH is significantly faster, more reliable and more robust it is recommended investigating this proposal further in GERAN.

From a speech quality point of view the proposed SMS over FACCH seems feasible.
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