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Higher Order Modulation for MUROS without signaling
1 Introduction

A new Study Item Multi-User Reusing One Slot (MUROS) was agreed at GERAN#36 ‎[1]. The purpose of the Study Item is directed towards improving speech efficiency. In ‎[2] a MUROS technique using high order modulation is proposed. In that contribution, signaling was needed in order to convey the DTX status in downlink. 
In this contribution we introduce a method to eliminate the DTX signaling by a small increase in decoding complexity. Moreover, this contribution extends the hopping scheme to enhance DTX gain when no DTX signaling is used.
2 DTX signaling Description in proposal ‎[2]
2.1 User multiplexing

As described in ‎[2], the downlink channel can support up to 4 users simultaneously over a single physical channel. Each user is separately encoded, and separately may enter to a DTX status.
The four MUROS users are marked as M0,…,M3. In every slot, up to 4 users are transmitted, depending on each user’s individual DTX status. The modulation level is varied according to the instantaneous number of users as shown in Figure 1.
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Figure 1: Modulation according to Number of Configured Users

Each user that a modulation can carry is regarded as a “user stream”, or just as “stream”. Each stream contains 116 payload bits per slot, as in the legacy speech channels. GMSK modulation carries one user stream, marked as S0. In QPSK two streams, marked as S0 and S1, in 8PSK three streams marked as S0, S1 and S2, and in 16QAM carries four users stream marked as S0, S1, S2 and S3. 
The allocation of the symbols on the constellation is done according to the order of bit definition in 45.004. In GMSK, S0 is the only bit in the constellation, di. In QPSK, S0 is mapped to the first bit and S1 to the second bit d2i and d2i+1 respectively. In 8PSK, S0, S1 and S2 are mapped to bits d3i,, d3i+1 and d3i+2 respectively, and in 16QAM stream S0 to S3 are mapped to bits d4i, d4i+1, d4i+2 and  d4i+3 respectively. Using this definition, in 8PSK modulation streams S0 and S1 are “strong” streams, as they are mapped to strong bits, while S2 is a “weak” stream, as it mapped to a weak bit. In 16QAM, stream S0 and S1 are the strong streams and stream S2 and S3 are the weak streams.
In case of 4 users, the stream allocation to user allocation is done in the following way: M0 to S0, M1 to S1, M2 to S2 and M3 to S3. In case of only one active user, that user will be mapped to the GMSK S0 stream. In other cases, the mapping will depend on the instantaneous DTX status, as will be described in the following subsection. 
2.2 DTX

The decision for each DL user channel to activate DTX is independent, depending on instantaneous speech activity. In the case that one or more users enter DTX, a lower, more robust modulation can be used according to the number of users instantaneously required. For example, where four users use 16-QAM, 3 users can use 8PSK, two users QPSK, and one user GMSK modulation.

Since information about which user or users enter DTX is not known a priori, this information is be provided by signaling as side information. This is done as for the following example. 

Each user of a logical channel is a priori assigned an identifier, so that the user knows where to access the channel encoded bits. So, the user will always know which vector of decoded bits to extract from a received burst. The different DTX configurations are now considered.
2.2.1 DTX Configuration Signaling

Signaling of the MUROS users that are active for a given slot transmission can be done with a single bit.

Suppose that there 4 MUROS users, numbered for a given TDMA frame as M0, M1, M2, and M3. Each MS is aware a priori of its index for this phase in the hop sequence. This information is signaled at call setup. The user order (Mx) is preserved also in the case that one or more of the channels enters DTX.

The signaling may then work as follows.
4 users - 16-QAM

All four users are transmitted. No signaling is required. User M0 is carried on stream S0, M1 on S1, M2 on S2 and M3 on S3. 
3 users - 8-PSK

One user has entered DTX. Four options are possible for transmitted channels. A signal bit is used to indicate the appropriate channel configuration as shown in Table 1.

Table 1: Signaling Bit Encoding according to DTX states

	Stream number
	Signaling Bit

	S0
	S1
	S2
	

	M0
	M1
	M2
	0

	M0
	M1
	M3
	0

	M0
	M2
	M3
	1

	M1
	M2
	M3
	1


In the 8-PSK slot transmission there are 3 streams, S0, S1 and S2, of encoded channel bits, each equivalent in size to the payload carried by a GMSK slot. The four users relate to the signaled bit as shown in Table 2. So for example, when the signaled bit is set to 1, the MUROS user with index 2 (M2), reads the second stream of bits, S1.
Table 2: Interpretation of Signaled Bit By MUROS user
	Signalled Bit
	M0
	M1
	M2
	M3

	0
	S0
	S1
	S2
	S2

	1
	S0
	S0
	S1
	S2


2 users - QPSK

Two users have entered DTX. Six options are possible for transmitted channels. A signal bit is used to indicate the appropriate channel configuration as shown in Table 3.
Table 3: Signaling Bit Encoding according to DTX states

	Stream number
	Signaling Bit

	S0
	S1
	

	M0
	M1
	1

	M0
	M2
	0

	M0
	M3
	1

	M1
	M2
	0

	M1
	M3
	0

	M2
	M3
	1


In the QPSK slot transmission there are 2 streams, S0 and S1, of encoded channel bits, equivalent is size to the payload carried by a GMSK slot. The four users relate to the signaled bit as shown in Table 4. So for example, when the signaled bit is set to 1, the MUROS user with index 2 (M2), reads the first vector stream of bits, S0.
Table 4: Interpretation of Signaled Bit By MUROS user
	Signalled Bit
	M0
	M1
	M2
	M3

	0
	S0
	S0
	S1
	S1

	1
	S0
	S1
	S0
	S1


1 user - GMSK

In the case that only a single user is not in DTX, no signaling is required. All users on this timeslot/frequency will receive the slot, and use it to try to decode a speech frame. However, only the user to whom the data is transmitted will succeed in decoding the speech frame.
2.2.2 Examples

M0 user
A user allocated M0 always reads the first stream of bits, irrespective of the modulation used. Since the user order is preserved, the first stream S0 will always carry M0 data, irrespective of the DTX state of other users, except in the case that M0 itself has entered DTX. The DTX signaling bit can be ignored by user M0. In the case that M0 is one of the users that is in DTX, the received data will not be decodable, since the interleaving will be different from that for M0.

Note that MEAN_BEP & CV_BEP are parameters that are dependent only on uncoded data, not on data at frame level. So frames that are not decoded are not relevant to determining downlink channel quality.

Similarly, a user allocated to M3 always takes bits from the last stream of the transmitted modulation, which is S3 for 16-QAM, S2 for 8-PSK, S1 for QPSK; and, if GMSK is used, then the single stream of bits is used by M3 as the received data for speech frame decoding. The DTX signaling bit can be ignored by user M3.

M2 user
Suppose a user is allocated identifier M2 at setup together with 3 other users, allocated as M0, M1 and M3. For 16-QAM modulation transmitted on the downlink, M2 reads data bits from stream S2.

At a point in the call, one of the users on the downlink enters DTX.  From the start of the next interleaved speech frame, the modulation transmitted is now 8-PSK. At this point, as the next timeslots are received, user M2 is not yet aware which user has entered DTX (including if it is M2 itself). After receiving all the timeslots of the interleaved speech frame, the DTX signaling information for that speech frame can be decoded. If the signaling bit is 0, then bits for M2 are read from stream S2 (per Table 2) (corresponding to M3 being in DTX (or M2 itself)). If the signaling bit is 1, then bits for M2 are read from stream S1 (corresponding to either M0 or M1 being in DTX). As for the M0 example above, if it is M2 itself that has entered DTX, then the received data will not be decodeable, but since the data is not directed to M2, this is not relevant.
Suppose now that 2 users enter DTX, and QPSK is transmitted on the downlink. If the DTX signaling bit is 0, then M2 reads its bits from the second stream S1 (per Table 4) (corresponding to either M0 or M1, plus M3 (or M2)), being in DTX. If the DTX signaling bit is 1, then bits for M2 are read from the first stream S0 (corresponding to both M0 and M1 being in DTX).

In the case that 3 users enter DTX, and GMSK is transmitted on the downlink, then bits for M2 are read from the single stream S0.
3 DTX without signaling 

As shown in the previous subsection, each user has up to two options for the location of its stream of bits. In order to avoid signaling, each user can attempt to decode these two options. Since the interleaving is dependent on the user index, only the correct option will produce valid decoded data, and then assuming that the received data is of sufficient quality. As the DTX status is fixed for each speech frame, only up two to hypotheses for a user’s stream location exists. The special cases of M0 and M3 that are allocated to S0 and S3 resepctively have only one option, and so would not require a 2nd decode phase.
3.1 Examples

M0 and M3 users
A user allocated M0 always reads the first stream of bits, irrespective of the modulation used. Since the user order is preserved, the first stream S0 will always carry M0 data, irrespective of the DTX state of other users, except in the case that M0 itself has entered DTX. In the case that M0 is one of the users that is in DTX, the received data will not be decodable, since the interleaving will be different from that for M0.

Note that MEAN_BEP & CV_BEP are parameters that are dependent only on uncoded data, not on data at frame level. So frames that are not decoded are not relevant to determining downlink channel quality.

Similarly, a user allocated to M3 always takes bits from the last stream of the transmitted modulation, which is S3 for 16-QAM, S2 for 8-PSK, S1 for QPSK; and, if GMSK is used, then the single stream of bits is used by M3 as the received data for speech frame decoding. 

M1 and M2 users
Suppose a user is allocated identifier M2 at setup together with 3 other users, allocated as M0, M1 and M3. For 16-QAM modulation transmitted on the downlink, M2 reads data bits from stream S2.

At a point in the call, one of the users on the downlink enters DTX.  From the start of the next interleaved speech frame, the modulation transmitted is now 8-PSK. At this point, as the next timeslots are received, user M2 is not yet aware which user has entered DTX (including if it is M2 itself). After receiving all the timeslots of the interleaved speech frame, the user starts decoding the speech data. User M2 tries to read first from stream S2 (per Table 2) (corresponding to M3 being in DTX (or M2 itself)). If user M3 is indeed in DTX, then user M2 will be able to decode successfully the speech payload (assuming sufficient quality). If the decoding was not successful, then user M2 tries to decode the data on stream S1 (corresponding to M0 or M1 being in DTX). If user M0 or M1 is indeed in DTX, then M2 will be able to successfully decode the payload (assuming sufficient quality). If M2 is still not able to decode the data, either the received data is not of sufficient quality, or M2 has entered DTX. 
Suppose now that 2 users enter DTX, and QPSK is transmitted on the downlink.  Similarly, M2 tries first to decode data on stream S1 (corresponding to either M0 or M1, plus M3 (or M2) being in DTX). If user M0 or M1 and user M3 are indeed in DTX, user M2 will be able to decode the data. If M2 was not able to decode the data, it tries to decode data on stream S0 (corresponding to both M0 and M1 being in DTX). If user M0 and M1 are indeed in DTX, M2 will be able to successfully decode the payload (assuming sufficient quality). If M2 is still not able to decode the data, either the received data is not of sufficient quality, or M2 has entered DTX.. 

In the case that 3 users enter DTX, and GMSK is transmitted on the downlink, then bits for M2 are read from the single stream S0.

User M1 is handled in a similar manner to user M2.
4 Hopping scheme for HOM MUROS without signaling
The DTX phase of an MS tends to be for a period of time, and does not change from speech frame to speech frame. So the improvement in channel conditions is localized to certain periods in time.
Some consideration of this has been given for the case where only 2 users are multiplexed‎[3], where adaptive frequency hopping has been proposed to hop between hopping sequences, and so better distribute the improvements available from DTX phases. Although the case for 4 multiplexed users is somewhat better in terms of improvements from DTX, since there are a number of multiplexed users that can each enter DTX, the improvements still remain somewhat localized. The concept presented in ‎[3] can also be used for higher modulations. A simple example is shown in Table 5 for 8 MSs, distributed over 2 hopping sequences. Initially, the MSs are distributed {M0,M1,M2,M3} and {M4,M5,M6,M7} over the 2 carriers in frame N.  In frame N+1, the allocation is changed to {M4,M1,M2,M3}, {M0,M5,M6,M7}. As can be seen in Table 5 , the third and fourth users are set as fixed across all of the interleaved frames. 
Table 5: Example of Adaptive Hopping for Higher Order Modulations

	Frame →
	N
	N+1
	N+2
	N+3
	N+4
	N+5
	N+6
	N+7

	Hop seq 1
	M0

M1

M2

M3
	M4
M1
M2

M3
	M0
M5
M2

M3
	M4
M5
M2

M3
	M0

M1

M2

M3
	M4
M1
M2

M3
	M0
M5
M2

M3
	M4
M5
M2

M3

	Hop seq 2
	M4

M5

M6

M7
	M0
M5

M6

M7
	M4
M1
M6

M7
	M0

M1
M6

M7
	M4

M5

M6

M7
	M0
M5

M6

M7
	M4
M1
M6

M7
	M0

M1
M6

M7
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