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ABSTRACT:

This contribution provides information on proposed modifications to the GSM vocoders to reliably support TTY TDD devices.

1 Introduction

In June 1996, the FCC adopted Section 20.18(c) of the Commission’s Rules.  It requires that, as of October 1, 1997, all covered wireless carriers must be capable of transmitting 911 calls from individuals with speech or hearing disabilities through means other than mobile radio handsets, e.g., through the use of TTY devices.  Carriers operating digital wireless systems have not been able to meet this requirement because digital systems are not able to accurately pass the Baudot-encoded audio tones produced by TTY devices. 

This document describes Lucent Technologies’ TTY audio path solution for transporting 45.45 bps and 50 bps TTY/TDD Baudot tones over GSM wireless networks.  The discussion below is a modification to the GSM-AMR 12.2K mode.  Since this mode is bit-exact with the GSM-EFR vocoder, the solution is equally applicable.

2 The Baudot Code

TTY/TDD devices transmit characters using a 45.45 bps or 50 bps Baudot code.  At 45.45 baud, each bit has a nominal duration of 22 ms and a character consists of 1 start bit, 5 data bits, and 2 stop bits.  The code uses a carrierless, binary FSK signaling scheme.  A mark, or “1”, is transmitted with a 1400 Hz. tone.  The space, or “0”, is transmitted with an 1800 Hz. tone.  

3 The Problem

Initially, it was believed that the act of encoding and decoding the Baudot tones would introduce too many distortions to the reconstructed audio to make TTY devices work reliably.  It was discovered that vocoding itself was not the problem, but channel impairments were.  The vocoder processes speech in 20 ms blocks, or frames.  A compressed speech packet is transmitted over the air for each frame.  Because the air interface is a less than ideal transmission medium, the compressed packet is received with errors.  The synthesis speech is degraded because it is reconstructed from erroneous data.  When transmitting TTY tones through a digital wireless system, the degraded audio will cause unacceptably high TTY character error rates.  

4 Features of the Solution

The Lucent TTY Solution provides a method for GSM networks to reliably transport Baudot tones, even in harsh channel conditions.  In order to achieve this performance, it is necessary to modify the vocoders in both the handsets and the network.  No other network elements need to be modified and no new service option is required.  The TTY solution is completely passive.  The algorithm automatically detects the presence/absence of TTY tones and takes the appropriate action.  No external action is required on the part of the user, such as non-standard dialing patterns.  Because the TTY processing is automatic, there is no requirement for new service option negotiation or for any modification to any other network element aside from the vocoder.

Because the TTY solution is an audio-based solution, it supports Voice Carry Over/Hearing Carry Over (VCO/HCO). VCO allows a TTY/TDD user to switch between receiving TTY and talking into the phone.  Similarly, HCO allows a user to switch between transmitting TTY characters and picking up the phone to listen. When Baudot tones are not present, the vocoder operates as usual; there is no modification or added delay to the voice path when speech is present.  Because the solution supports VCO/HCO and because it is completely passive, TTY users, both on the land side and the mobile side, can use digital wireless phones in the same way they currently use landline phones.

The solution is also completely interoperable with the pre-existing base of handsets. That is to say that if the network was upgraded to support TTY but a phone was not, the modified network vocoder would work with the unmodified mobile vocoder.  In fact, during speech, the modified vocoder works exactly as if it were not modified.  Even when TTY tones are present, the TTY information is transferred in the speech packets in a way that allows it to interoperate with an unmodified vocoder, although both vocoders need to be modified in order to achieve the low character error rates.  In summary, the existing base of digital phones will still work even after the network is upgraded. 

Another feature to the Lucent solution is that it has been adopted by TR45.5 for CDMA and by TR45.3 for TDMA.  Commonality across technologies provides a benefit to both equipment manufactures and users.  Manufactures benefit by being able to take advantage of synergies between their products, bringing the solution to market sooner.  For example, if a vendor uses the same DSP for TDMA and GSM, the code developed for TDMA could be reused for GSM.  Users benefit from a common solution because if all of the technologies use a common solution, the user interface would be the same.  As an example, if GSM adopted a solution that required non-standard dialing, a user would need to know which technology.  This is problematic for the landline user who may not be knowledgeable about the mobile user’s service.

5 TTY Forum User Requirements

The CTIA TTY Forum was convened to bring the wireless industry, the FCC, members of E911 services and members of the hearing impaired community together to work towards a digital wireless TTY solution.  One of the products of the TTY Forum is a list of 13 user requirements for a TTY solution.  These requirements are presented below along with a discussion of how Lucent’s solution meets these requirements.

1. The character error rate should approximate that of AMPS, which has been demonstrated at <1% for stationary calls.  More research on AMPS performance with TTY would be useful to assist in specifying a range of conditions.
Lucent’s TTY solution has demonstrated a less than 1% character error rate over a broad range of channel conditions, exceeding the performance of AMPS.

2. The TTY caller must be able to visually monitor all aspects of call progress provided to voice users.  Specifically, the ability to pass through sounds on the line to the TTY (so that the user can monitor ring, busy, answered-in-voice, etc.) should be provided.

Because the solution is an audio path solution, non-TTY audio is passed through the vocoder as if it were not modified.   This requirement is equivalent to Requirement 9 for VCO/HCO.

3. There must be a visual indication when the call has been disconnected.

This is a mobile vendor issue and is not applicable to the solution.

4. A volume control should be provided.

Not applicable.

5. The TTY user must have a means of tactile (vibrating) ring signal indication.

Not applicable.

6. The caller must be able to transmit TTY tones independent of the condition of the receiving modem.  (This is to permit Baudot signaling by pressing a key, to let a hearing person know that the incoming call is from a TTY.)

The transmitting TTY produces audible Baudot tones to the receiving TTY device.

7. The landline party’s TTY must not require retrofitting in order to achieve the desired error rate.

Because the solution is completely contained inside the digital wireless network and the mobiles, there is no need to retrofit the TTY devices at either end of the call.  Existing TTY devices can be used with this solution.

8. The wireless party’s TTY may require retrofitting, or a new model TTY to be developed, or the use of a portable data terminal such as a personal digital assistant.

The wireless party’s TTY can be used with this solution provided there is a physical means of connecting the TTY device to the mobile handset, either through an electrical connection or through an audio coupler.  The physical connection is a mobile vendor issue and is not addressed in this contribution.

9. VCO and HCO should be supported where possible.

Because the solution is based on the audio path, VCO/HCO is supported by automatically detecting the presence/absence of TTY tones and taking the appropriate action.

10. Reduction of throughput (partial rate) on Baudot is highly undesirable and should not be relied upon to achieve compliance (see #7).  It may be useful as a user-selectable option to improve accuracy on a given call.

The solution acts as a receiver/repeater and does not reduce the throughput.  The algorithm automatically adjusts its rate to either 45.45 baud or 50 baud, depending on the rate that is being sent, and repeats the appropriate rate.

11. Call information such as ANI and ALI, where provided in wireless voice, should also be provided for TTY calls.

Not applicable.

12. The solution need not support little-used or obsolete TTY models, but in general should support the embedded base of TTY’s sold over the past ten years.  The landline equipment supported must not be limited to that used in Public Service Answering Points (911 centers).

The TTY solution was designed to the Baudot code, which is supported by most (if not all) commercially available TTY devices.  The Baudot code is the only code required by the FCC mandate.

13. Drive conditions must be supported, again using AMPS as a benchmark.
The solution’s ability to be robust to bit errors and frame errors makes it exceed the performance of AMPS in drive conditions.

In addition to satisfying the TTY user requirements, Lucent’s solution has been presented to the TTY Forum and the FCC.  A real-time, full duplex demonstration of the solution with EVRC was given at the Forum in September.  Using commercially available TTY devices, users were able to compare the performance of the vocoders with and without the solution.  The solution was met with approval from the representatives of the hearing impaired community.
6 Complexity Estimate

The following complexity estimates are based on a C simulation of the algorithm.  Separate estimates are given for when TTY is and is not present.  When TTY is present, the adaptive codebook does not need to be searched and the decoder does not need to be run at all.

Program ROM
800 words (approx)

Data ROM
64 words

Static RAM
40 words

Dynamic RAM
41 words

Encoder w/TTY present (worst case)
0.044 WMOPS

Decoder w/TTY present (worst case)
0.068 WMOPS

Encoder w/ TTY not present (worst case)
0.027 WMOPS

Decoder w/TTY not present (worst case)
0.016 WMOPS

Table 1:  Complexity Estimates

7 Algorithm Description

Lucent’s TTY/TDD audio solution transports Baudot signals through the vocoder by detecting the characters that are being transmitted by the TTY device in the encoder and conveying those characters to the decoder.  Because one Baudot character spans at least 8 speech processing frames, the character being transmitted shall be sent a minimum of 7 times to the decoder, allowing the decoder to correctly regenerate the character despite frame errors (FERs) and random bit errors (BERs) in the speech packet.

Figure 1: Speech Decoder Block Diagram
The TTY characters are concealed in the speech packet in a way that interoperates with legacy vocoders that have not been modified.  This is accomplished as follows.  There are 3 main components to a speech coder, the short term predictor, or linear prediction filter, the long term predictor or adaptive codebook (ACB), and the noise excitation or fixed codebook.  These components are capable of producing high quality speech.  However, when Baudot tones are present, the tones can be adequately compressed using only the fixed codebook and the LP filter.  Thus, it is possible to turn the ACB gain down to zero and still represent the TTY tones.  Consequently, when the gain is forced to zero, the bits that are normally used to represent the adaptive codebook are no longer relevant to the decoder.

When Baudot tones are present, the ACB gain is set to zero and the TTY information occupies the ACB bits.  An unmodified decoder will ignore the TTY information because the gain is set to zero.  The rest of the bits in the speech packet contain information for an unmodified decoder to reconstruct the Baudot signal with the fixed codebook and the linear prediction (LPC) filter at least as well as if the encoder was not modified. 
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Figure 2: Block Diagram of TTY Solution
Figure 2 illustrates the modifications to the vocoder that are required for this solution.  On the encoder side, a Baudot tone detector is constantly running in the background. If no tones are detected, the encoder compresses the input speech the way it would normally.  If tones are detected, the algorithm detects the TTY characters that are being received and conveys those characters to the decoder by setting the ACB gain to zero and putting the TTY information in the packet, as described above.  For each character the encoder detects, it sends the decoder the same header and character information for a minimum of 7 consecutive speech frames. 

The decoder reconstructs the speech as usual, but monitors the ACB gain, looking for frames with zero gain.  The decoder maintains a history of 11 frames, looking for zero ACB gain and TTY information in the ACB bits.  When it detects TTY character information in the packet, the decoder regenerates the tones corresponding to that character.  Because the same character information is transmitted to the decoder a minimum of 7 frames, the information lost due to bit errors and frame errors is mitigated by the redundancy

It is envisioned that only the 12.2K mode of AMR needs to be modified.  The encoder can switch to this mode when it detects TTY characters.  When speech is present, the AMR coder shall be allowed to adapt as necessary.  Since this mode is also bit-exact with the GSM-EFR coder, the solution presented is equally applicable to EFR.

False Alarms

While the algorithm provides robust transmission of Baudot tones for TTY users, the vast majority of subscribers will never connect a TTY device to a handset.  For the bulk of the subscribers, it is important that the TTY solution not false alarm, muting the speech, or worse, generating TTY tones.  Special care has been taken to prevent false alarms from occurring.  The algorithm contains rules and heuristics that make it very difficult for false alarms to occur.  A stricter rule is applied to the very first occurrence of a TTY character in a call.  This strict rule requires that both the mark and space tones be present and for the correct duration.  In simulations, the algorithm did not false alarm, even on the most challenging audio source material.  Tones and tone sweeps do not trigger the detector.  Instruments, such as the violin, flute, and xylophone, produce tones in the same region as the mark and space frequencies.  Tracks of music containing spectral content in the region of the Baudot tones also did not trigger a false alarm.  Once a TTY character is detected, the rule is relaxed to allow reliable and efficient TTY detection.

8 Performance Results

The GSM-AMR 12.2K mode was modified to incorporate Lucent’s TTY solution.    Three experiments were run, measuring total character error rate (TCER) as a function of carrier to noise ratio (C/N) at a speed of 3 km/h.  The three conditions tested are:

· Unmodified Encoder/Unmodified Decoder: This condition represents the performance of the current digital wireless network.

· Modified Encoder/Unmodified Decoder: This condition simulates a TTY user with an unmodified handset connected through a modified network (or vice versa).

· Modified Encoder/Modified Decoder: This condition simulates the case where both the handset and the network are TTY capable.

Note, the following results are only preliminary.  The results were generated with 4196 random TTY characters, approximately 18 minutes in duration, but the error masks that were used to simulate the channel model were only 65 seconds long.  The simulation looped through the error masks as needed to process the TTY characters, but the results may not be an accurate reflection of actual field conditions.  The results are offered as a proof of concept only.  Improved experiments will be conducted and reported when available.



Clean
19 dB
16 dB
13 dB
10 dB
7 dB
4 dB
1 dB

Unmodified
0.00%
0.02%
0.02%
0.21%
2.84%
32.30%
82.28%
99.87%

Interoperate
0.00%
0.00%
0.00%
0.03%
1.34%
24.54%
78.68%
99.84%

Modified
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.14%
12.17%

Table 2: GSM-AMR 12.2K Mode TTY Performance @ 3 km/h
Table 2 shows that the existing 12.2K mode in AMR is capable of transmitting TTY characters with less than 1% TCER down to 13 dB C/N.  At 10 dB, the TCER is 2.8% and below that, the performance falls off a cliff. 

When a modified encoder is interoperating with an unmodified decoder, the performance is marginally improved over the completely unmodified case.  This demonstrates that if a TTY user was using an unmodified handset but the infrastructure was modified, a TTY user will get the same performance, if not slightly better, as if the network was not modified.

When both the encoder and the decoder are modified, the TCER is zero down to 7 dB and 0.14% at 4dB.  The cliff effect occurs somewhere between 4 dB and 1 dB for the TTY solution.  

9 Comparison with Alternate Solutions

TR45.3.5 adopted a set of requirements (TR45.3.5/99.07.14.07) for the TDMA TTY solution.  Lucent ran a set of tests against those requirements with candidate solutions provided by Lucent, Nokia and Ericsson. TR45.3.5/99.09.16.21 is a contribution that summarizes the results of those tests.   Briefly, the results of the testing indicated that Lucent’s solution was the only solution that was able to meet or exceed all of the requirements.  
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