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Introduction
[bookmark: _GoBack]One of the main advantages seen from the proponents of a Clean Slate solution in [2] is the possibility to increase the UL capacity by transmission in narrow bandwidth from multiple transmitters, effectively increasing the power in the transmitted channel.
In this discussion paper a technique is provided that has the possibility to increase UL capacity by allowing simultaneous transmission in the same physical channel by multiple users. The technique is proposed and evaluated for EC-GSM.
This document is an update to a document  submitted to GERAN #63, see [6].
Background
Assuming that a device requires extended coverage, one of the primary factors that determine the transmission time and the resulting uplink coverage is the output power of the device. The bandwidth used to transmit the data for example will not have as profound effect on the transmission time, or the coverage achieved.
Based on these assumptions, one simple way of increasing UL capacity, when in extended coverage, is to use narrow frequency channels, as for example proposed in [2].
This is illustrated in Figure 1 comparing a single GSM channel with splitting the GSM channel into 12 different sub-channels, assuming the same output power is used irrespective of carrier type.
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[bookmark: _Ref391115528]Figure 1: PSD illustration of a single GSM channel compared to multiple narrowband channels, each using the same output power.

However, when not being strictly limited by the output power, the spectrum can be more efficiently utilized by the use of for example less channel coding redundancy, high order modulation and wider transmission bandwidth, as also was analyzed in [3].
A lower transmission time effectively increases the capacity by allowing more 
efficient user multiplexing in time but would also allow for a lower ON time to improve battery life. 
Ideally one would like to utilize the lower transmission time when in good radio condition, and still allow for simultaneous transmission of multiple users in bad radio condition. This is what can be realized with the technique proposed in this contribution.
Proposal
The proposal outlined below only applies to extended coverage when a radio block needs to be repeated. In the proposed repetition scheme, which is based on accumulation of received energy, the transmission and reception of the signal between transmissions need to have a certain level of coherency, e.g. the radio channel cannot change too much during a repetition period.
Transmitter
The proposed repetition scheme improves capacity by multiplexing multiple users on the same radio block. Orthogonally between multiplexed users is achieved through CDMA. More specifically each user repeats its blocks using an assigned orthogonal code. The use of the code implies applying a phase shift to each transmitted burst.
[bookmark: _Ref401096660]Code matrix
To generate the orthogonal codes the various options are possible. In the previous contribution [6] a Hadamard matrix was used. In this update, a Fourier matrix is considered instead. The Fourier matrix is a  x  matrix with elements defined by

where  and  are the subchannel numbers and repetition numbers, respectively.
The final choice of code matrix is left for further study but the results in this document indicate that the Fourier matrix has advantages with regards to frequency offset estimation in the receiver.  
Receiver
At the receiver side, the received blocks are buffered. The row (or column) of the orthogonal matrix used by each user is known at the receiver. For example if user X used the third row of a Fourier matrix in order to perform the phase shifts during the block repetitions, then the receiver must perform the reverse operation. I.e. after all the block repetitions have been received, the blocks are phase shifted according to (the complex conjugate of) the same matrix row, followed by simple addition of the received (I,Q) samples. 
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[bookmark: _Ref391117540]Figure 2: Illustration of how the proposal impacts MS and BTS procedures.

Figure 2 illustrates how the MS and the BTS are impacted by the proposal (boxes without filling). No hardware changes are foreseen; the new logic is of low complexity and can be implemented in software.
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[bookmark: _Ref391117958]Figure 3: Phase shift of MS1-MS4 when multiplexing four users.

Figure 3 illustrates how four different users repeat a single burst over the four first TS of the TDMA frame. The phase shifts of the repeated bursts are applied in accordance to the Fourier matrix defined in section 3.2.
Hence, to single out the burst of MS1 the BS receiver would first apply a phase shift of -180 to the cumulated signal received in TS1 and TS3. In a second step the BS coherently combines the signal received in all four TSs to extract the burst of MS1 while the received bursts of MS2, MS3 and MS4 are cancelled out.
The technique can be seen as a low rate overlaid CDMA technique.
Managing frequency offset and subchannel power imbalance
It has been shown in previous contributions [6][7] that transmitter frequency offsets in combination with large received subchannel power imbalances constitute a challenge for the proposed CDMA scheme. This is to be expected since the orthogonality of the subchannels will be gradually lost as the frequency offsets increase. In other words, there will be leakage between the subchannels, which can cause significant amounts of inter-subchannel interference if the subchannel power imbalance is large.
A straightforward way to reduce the effect of inter-subchannel interference is to deploy successive interference cancellation (SIC). Basically, the subchannels are processed in sequence, starting with the strongest. The subchannel is decoded using the code matrix, coherently combined and demodulated. The demodulated bits are used to re-generate the subchannel signal, which are subtracted from the received signal buffer. In this process, the subchannel frequency offset is estimated and compensated for prior to cancellation.
The complexity of this receiver is comparable to a VAMOS receiver.
Simulations
Simulation assumptions
The simulation assumptions are shown in Table 1.
[bookmark: _Ref391119116]Table 1. Simulation assumptions.
	Parameter
	Value

	Channel propagation
	TU

	MS speed
	1.2 km/h

	Impairments
	Typical, see e.g. [4]
Frequency offset: See section 4.1.1

	SCPIR
	”average” and ”worst case”, see section 4.1.2

	CDMA code length
	4, 8, 16

	Number of repetitions
	4, 8, 16 (aligned with CDMA code length)

	Number of subchannels
	1 (reference), 2, 4, 8

	Number of TS per TDMA frame
	4

	MCS
	MCS-1

	Receiver
	SIC, 2 RX antennas

	* Aligned with assumption in [1].


[bookmark: _Ref401055988]Frequency offset
A candidate-specific frequency offset has been used. The frequency offset has a normal distribution with mean 0 Hz and standard deviation 10 Hz (using the model in [8] but with standard deviation increased to 10 Hz according to agreements in [9]). The frequency offset is assumed independent between transmitters.
[bookmark: _Ref401058866]Subchannel power imbalance
Two models have been tested.
In the first model each subchannel, including the wanted signal[footnoteRef:1], is randomly given a nominal power level according to a uniform distribution from -10 dB to +10 dB. The power levels are then normalized to keep the wanted signal level constant relative to the receiver noise. Consequently, the interferer subchannel power levels can be up to 20 dB above or below the wanted signal. The power levels are randomized each time a new radio block begins. This model is denoted “average” in the figure legends since it can be said to reflect average performance of users with different SCPIRs in the distribution. [1:  In a real BTS receiver implementation, all subchannels would be wanted signals, but in the simulator only one subchannel is considered to be the wanted signal to simplify the simulator implementation.] 

In the second model, the power levels of the interfering subchannels are fixed at 10 dB above the wanted signal. This model reflects a worst-case scenario and is denoted “worst case” in the figure legends.
It should be noted that fast fading is added on top of the imbalance modeled from the channel propagation models (as described above) of each user.
Simulation results
In this section simulation results of overlaid CDMA are shown.
Block error rate
Figure 4, Figure 5 and Figure 6 show BLER versus Eb/N0 with different number of multiplexed subchannels and 4, 8 and 16 repetitions, respectively. The following observations can be made:
· When two users are multiplexed, there is no visible impact to BLER performance (blue curves compared to black).
· When four users are multiplexed (green curves)
· In the case of 4 repetitions, there is a performance loss of 0.7 dB in the average SCPIR scenario and about 2.9 dB in the “worst case” SCPIR scenario.
· In case of 8 repetitions, there is no visible impact.
· When eight users are multiplexed (red curves; only simulated with 16 repetitions), there is a significant impact to BLER performance.
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[bookmark: _Ref419816230]Figure 4: BLER for 1/2/4 user multiplexing with 4 repetitions.
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[bookmark: _Ref419816238]Figure 5: BLER for 1/2/4 user multiplexing with 8 repetitions.

[image: ]
[bookmark: _Ref391120797]Figure 6: BLER for 1/2/4/8 user multiplexing with 16 repetitions.

User throughput
The throughput experienced by an individual user on the channel is approximated by

The peak throughput[footnoteRef:2]  for MCS-1 with different number of repetitions is shown in Table 2.  [2:  Measured at the RLC/MAC layer.] 

	# repetitions
	

	4
	8.8 kbps

	8
	4.4 kbps

	16
	2.2 kbps


[bookmark: _Ref419816911][bookmark: _Ref419816842]Table 2: Peak throughput versus number of repetitions for MCS-1.
.
The simulations results are shown in Figure 7, Figure 8 and Figure 9 for 4, 8 and 16 repetitions, respectively.
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[bookmark: _Ref401090871]Figure 7: User throughput for 1/2/4 user multiplexing with 4 repetitions.
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[bookmark: _Ref419816863]Figure 8: User throughput for 1/2/4 user multiplexing with 8 repetitions.
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[bookmark: _Ref419816866]Figure 9: User throughput for 1/2/4/8 user multiplexing with 16 repetitions.

Channel throughput
The channel throughput is the total throughput of all users sharing the channel. To show the relative gain of overlaid CDMA the channel throughput is normalized by  , the peak channel throughput without overlaid CDMA. The normalized channel throughput is approximated by

where  is the number of users multiplexed on the channel.
The normalized channel throughput is shown in Figure 10, Figure 11 and Figure 12 for 4, 8 and 16 repetitions, respectively. Only the “average” SCPIR scenario is shown here since the scenario that all subchannels on a channel are 10 dB below all the others is unrealistic.
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[bookmark: _Ref401091987]Figure 10: Normalized channel throughput for 1/2/4 user multiplexing with 4 repetitions.
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[bookmark: _Ref419817218]Figure 11: Normalized channel throughput for 1/2/4 user multiplexing with 8 repetitions.
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[bookmark: _Ref419817221]Figure 12: Normalized channel throughput for 1/2/4/8 user multiplexing with 16 repetitions.

It can be seen that the channel throughput scales almost linearly with the number of multiplexed users. 
Conclusions
A multiplexing scheme to increase the UL capacity for EC-GSM in extended coverage has been proposed and evaluated under adverse subchannel power imbalance conditions.
It has been shown that with a repetition factor of 4, 8 or 16, the proposed scheme and a SIC receiver can be used to multiplex up to four users on a channel with small or no degradation to the user throughput, compared to not using user multiplexing. Eight users can be multiplexed with acceptable degradation in user throughput if a repetition factor of 16 is used. 
Consequently, the channel throughput scales roughly linearly with the number of multiplexed users. The use of a SIC receiver (or similar) at the BTS is already supported by current GSM base stations from the VAMOS feature. The complexity of the CDMA SIC is comparable to the VAMOS SIC.
It is proposed to adopt a maximum of four users for the overlaid CDMA functionality for EC-GSM. This also implies that the code length can be spread within a TDMA frame (coverage class 4,5,6 all map the logical PDTCH channel to 4 consecutive TSs). In case of transmission over multiple TDMA frames (coverage class 5 and 6) the code is repeated.
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