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Enhanced Overlaid CDMA Technique for EC-GSM Systems 

1.  Introduction
A study item named “Cellular IoT” was approved in GERAN#62 for evaluating how to support low throughput and low complexity machine type communications (MTC) [1]. To support such communications, an evolved low-complex EGPRS (EC-GSM) system was proposed. The evaluation methodology, including the system assumptions, parameters and traffic models are captured in 3GPP TR 45.820 [2]. In this technical report, a requirement of a 20 dB coverage enhancement for MTC devices experiencing unfavorable channel conditions is imposed. This relatively stringent constraint is met in the EC-GSM proposal by enforcing blind repetitions. In particular, the transmitted bursts by these devices will be blindly repeated up to 16 times and IQ combined at the receiver side. This technique boosts the signal to noise and interference ratio (SINR) significantly to meet the 164 dB maximum coupling loss target. However, since these repetitions carry essentially the same data, the uplink (UL) system capacity is significantly penalized. 
In this document, we present an enhanced overlaid code division multiple access (CDMA) technique to mitigate the loss in the UL system capacity due to blind repetitions in EC-GSM systems. Using this methodology, multiple devices can transmit simultaneously on the same channel provided that they are assigned orthogonal codes by the serving base station. The background pertaining to the proposed technique is discussed in Section 2. This is then followed by the details of the proposed technique in Section 3.  
2.  Background
In [3], an overlaid CDMA technique for uplink (UL) extended coverage was proposed. This technique multiplexes several extended coverage devices, i.e., devices employing blind repetitions, simultaneously on the same set of radio resources by utilizing orthogonal codes. When devices are overlaid, the orthogonal codes are applied on the repeated bursts in the form of phase rotations. To illustrate, consider a scenario in which two extended coverage devices with 4 blind repetitions are being multiplexed. Before transmitting its bursts in the four time slots, the first device applies the 4 phase shifts () to its 4 bursts. Similarly, the second device applies the phase shifts ( ) to its 4 bursts. At the receiver side, the received signal over the 4 time slots is buffered. Using this buffered signal, the transmitted bursts of the desired device can be easily recovered by applying complex conjugate phase rotations corresponding to the desired device’s orthogonal code at the burst level on the 4 received bursts and then combining the corresponding samples of each of the 4 bursts. This yields the transmitted burst by a single device and nullifies the signals of the remaining overlaid ones. Similarly, we can obtain the transmitted bursts of the other device by applying a complex conjugate phase rotation that corresponds to its sequence and combining the corresponding samples of the received bursts. Hence, using this technique results in a significant increase in the channel throughput in the slots reserved for blind repetitions. 
Despite the advantages of the proposed technique, there exist two main drawbacks that may impede its potential gains. First, maintaining the orthogonality between the devices’ transmissions necessitates that the multiplexed devices are selected such that they utilize the same number of blind repetitions. However, finding such device pairs might become a daunting task in practical scenarios given that the number of devices implementing blind repetitions at a given timing slot is limited. Subsequently, the absence of an adequate number of pairs can result in a significant decrease in the potential gains of the proposed overlaid CDMA technique. Second, devices implementing blind repetitions are the ones experiencing unfavorable channel condition and thus they are bound to transmit at full power. Subsequently, in cases wherein the codes are not perfectly orthogonal, e.g., due to frequency and time offsets, the residual interference between the devices due to the power leakage between overlaid devices will significantly degrade the devices’ performance, e.g., reduce their throughput or increase their BLER. To mitigate this problem, a successive interference cancellation (SIC) receiver scheme was proposed to eliminate the effect of the mutual interference between the overlaid devices [3]. However, SIC may not be sufficient to mitigate the interference due to the following reasons:
1) The quality of the channel estimation may not be reliable since the extended coverage devices are experiencing unfavorable channel conditions. 
2) The devices in unfavorable channel conditions implement just enough blind repetitions so that they can reach the SINR threshold of the lowest MCS level. Subsequently, the received powers of all these devices at the base station are comparable, i.e., generally around 3 dB. Hence, SIC may not be effective due to the absence of a dominant interferer.  

3. Proposal
To address the above mentioned drawbacks, we propose an enhancement to the overlaid CDMA technique. In particular, we propose an overlaid CDMA technique for EC-GSM systems, whereby all devices can be overlaid. This is unlike the proposal in [3] which overlays only devices implementing blind repetitions. To illustrate, for an EC-GSM system, any device can utilize one of 8 transmission schemes based on its channel quality. These transmission schemes are illustrated in Table 1[2]. 
Table 1. Transmission schemes.
	Transmission Scheme
	MCS Level
	Number of blind repetitions

	Scheme 1
	MCS-4
	1

	Scheme 2
	MCS-3
	1

	Scheme 3
	MCS-2
	1

	Scheme 4
	MCS-1
	1

	Scheme 5
	MCS-1
	2

	Scheme 6
	MCS-1
	4

	Scheme 7
	MCS-1
	8

	Scheme 8
	MCS-1
	16



 In the proposed enhancement to the previously proposed overlaid CDMA technique, there is no restriction on the MCS scheme utilized by the overlaid devices. In other words, all devices can be overlaid. However, to maintain the orthogonality between the overlaid devices, each device must repeat its transmitted burst and rotate each of these repetitions with a phase shift based on its assigned code as discussed in Section 2 such that all the overlaid devices are orthogonal. The number of these repetitions, R, must be greater than or equal to the number of overlaid devices, U. For example, when 4 devices are overlaid, each device must blindly transmit its burst R  times. Since transmission schemes 1-4 do not include any repetitions, the devices implementing these schemes will be forced to blindly repeat their transmitted bursts. This results in improving the performance of these devices since the enforced blind repetitions will improve their received signal strength and subsequently allow them to either use a higher MCS level or to reduce their BLER. In addition, the performance of the overlaid devices implementing transmission schemes 5-8 will also improve. In particular, instead of searching for device pairs with the same number of blind repetitions [3], devices experiencing good channels can be forced to perform a matching number of blind repetitions. This subsequently increases the power imbalance between the overlaid devices which leads to a better SIC performance. For example, a device utilizing scheme 5 can be scheduled 16 slots to blindly repeat its burst and thus can be overlaid with another device utilizing scheme 8 and implementing 16 blind repetitions as well. In this case, the power imbalance can generally be more than 12 dB and thus the quality of the SIC will be significantly increased.  
At the receiver side, the blind repetitions of each device are phase rotated according to its assigned orthogonal sequence. Subsequently, the phase shifted repetitions are added at the burst level. This will result in IQ combining the desired device’s blindly repeated burst and cancellation of the interference caused by the other overlaid devices. As discussed in [4], one possible option to obtain these orthogonal sequences is to utilize for example, a Hadamard matrix as discussed in Section 5. 
The advantages of the proposed overlaid CDMA technique can be summarized as follows:
1) Devices transmitting with MCS 2 and MCS 3 are more resilient to interference, when compared to the ones using MCS 1 and MCS 2, since they are experiencing good channel conditions. Thus, their experienced performance loss due to the interference caused by the overlaid CDMA technique is significantly less. 
2) The redundant repetitions helps in improving the devices’ received SINR and thus enable them to utilize a higher MCS level than the one they would have normally used without the blind repetitions. Subsequently, this increases both, the system throughput as well as the devices’ transmitted data bits per burst. Alternatively, in some usage scenarios, the base station may decide to trade the improved SINR for improving the link reliability rather than increasing the system throughput. 
3) Having multiple repetitions enables the devices to exploit time diversity which further improves the reliability of their data transmission.  
4) Offers the flexibility to reduce the transmit power per repetition and thus does not necessitates the devices with forced blind repetitions to increase their transmit power.
5) Eliminates the relatively stringent constraint on finding matching device pairs that are implementing the same number of blind repetitions.

3.1 Discussion on the gains of the proposed technique:
In this work, we proposed an enhanced overlaid CDMA technique. This technique enables the base station to increase devices’ throughput and at the same time, reduces the devices block error rate. The source of this gain is mainly due to the increase in the SINR which results from the enforced blind repetitions. To illustrate, consider a scenario in which there exist two devices implementing transmission schemes 2 and 5, respectively. In a regular system, the first device will be assigned a single time slot whereas the other device will be assigned two time slots. For simplicity, consider that each of the two devices were to transmit at 5 dB. In a regular system, the first device would transmit without repetitions, whereas the second device would implement 2 blind repetitions each with 5 dB. In this case 3 radio resources will be used by the two devices to transmit their data. Alternatively, the first device can be forced to implement 2 blind repetitions each with 5 dB and then multiplexed with the second device using a Hadamard code of length 2. Assuming that the assigned codes are perfectly orthogonal and that the blind repetitions are perfectly combined. This results in a 3dB gain in the SINR for the first device and thus it can either utilize a higher MCS level to increase its throughput, or reduce its BLER at the same MCS level. In addition, one radio resource is released due to the multiplexing technique. This resource could be used for other devices with inferior channel quality. Note that even for devices transmitting with MCS 4, which are already operating at the maximum possible rate/throughput, the enhanced overlaid CDMA technique can still be used to improve their BLER performance. Moreover, devices transmitting with Scheme 8, i.e., devices already using the maximum number of blind repetitions can still gain from the power imbalance, i.e., the quality of the SIC, when they are overlaid with devices implementing other schemes. 



3.2 Implementation of the proposed technique:
The enhanced overlaid CDMA technique can be summarized in the following steps:

1) Obtain the channel quality of all the devices in a scheduling interval.
2) Identify potential coverage extended devices and/or devices with favorable channel conditions which can be overlaid.
3) Identify their channel quality, target transmission scheme, transmit power level, and number of burst blind repetitions.
4) Assign each device a unique orthogonal CDMA code.
5) Signal the control information associated with the overlaid CDMA technique (enabling overlaid CDMA, transmission scheme, transmit power level, orthogonal code index, etc.) to the devices. 
6) At the base station, separate the devices based on their assigned codes and IQ combine their received signals. 

4. Practical considerations of the proposed technique
4.1. Power Consumption 
In practical scenarios, the limited power available to some cellular IoT devices might impose a relatively stringent constraint on the transmission power. Such devices, can still be overlaid using the proposed overlaid CDMA technique, but with a reduced power per repeated burst. For example, rather than having 1 burst transmission with power P, a device with limited power can repeat the transmitted burst 4 times each with power P/4. In this case the only loss would come from the power consumed by its electronic circuity and power amplifier. To elaborate, we note that there exist 4 states for a cellular IoT device from a power perspective as shown in Figure 1.  

Figure 1. Possible status for a cellular IoT device.

When a device in favorable channel condition and is not overlaid, it will transmit its data and then switch to the power saving state (PSS). However, if this device is overlaid, it will be required to transmit for a longer period due to the blind repetitions. Despite the fact that its total transmit power can be maintained constant as discussed before, its electronic circuity will be kept active, thus resulting in an additional power consumption. In addition, its power amplifier will need to be active for this extended duration leading to an additional power loss, referred to in Figure 2 by PA loss. An illustrative example is provided in Figure 2 in which a device implementing transmission scheme 1 is forced to do 4 repetitions. 
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Figure 2. Power consumption for: a) one transmission case with power P, b) 4 blind repetitions case each with power P/4.

4.2. Frequency and timing offsets
In practical systems, cellular IoT devices attempting UL transmission will not be perfectly synchronized in frequency and time. This means that there exists transmitter frequency and timing offsets between the overlaid devices. Subsequently, even though orthogonal codes are used, each overlaid device will experience a residual interference power due to the power leakage from the other overlaid devices. This drawback becomes even more prominent as the frequency offset increases. To mitigate this drawback, an SIC scheme may be deployed, whereby the received signals of the overlaid devices are processed sequentially starting with the strongest one. After processing each signal and detecting its transmitted bits, the decoded bits are used to generate an estimate of the received signal, which is then subtracted to remove its induced interference on the received signals of the remaining overlaid devices. Note that, a major advantage of the proposed technique over the one previously proposed in [3], is that it allows users with different MCS levels to be simultaneously overlaid. This high power imbalance improves the quality of the SIC and thus reduces the mutual interference between the overlaid devices.
4.3. Orthogonal coding scheme
	An essential aspect of the proposed overlaid CDMA technique, is to maintain the orthogonality between the overlaid devices in order to minimize their mutual interference. This can be done by assigning each device an orthogonal sequence, e.g., a Hadamard sequence or a Discrete Fourier Transform sequence.  


5. Simulation results
	In this section, we evaluate the performance of the proposed overlaid CDMA technique hereinabove.
5.1 Simulation parameters:
	The simulation parameters are provided in Table 2.
[bookmark: _Ref391119116]Table 2. Simulation parameters.
	Parameters
	GERAN C-IoT

	Frequency
	900MHz band

	Bandwidth
	200 kHz (180 kHz effective BW)

	Modulation coding schemes
	MCS 1-4    (GMSK + CC)

	Inter site distance
	1.732 km

	Channel model
	TU, 1 Hz Doppler

	Antenna gains
	18 dBi / -4 dBi

	Traffic Model
	Full buffer

	Tx power
	33 dBm 

	Noise figure
	3 dB

	Antennas
	BS: GERAN directional (Am=20 dB, 65 degrees) / device: Omni

	Pathloss 
	120.9+ 37.6log10(R),    R in kilometers

	Frequency reuse
	3

	Shadowing standard deviation
	8 dB

	Shadowing correlation distance
	110m (1 between sectors and 0.5 between sites)

	Number of Rx Antennas
	2

	Power Control
	+ α *PL, dBm,    α = 0.8

	Enhanced Overlaid CDMA
	enabled



In this section, we provide our simulation results on the performance gain of the proposed overlaid CDMA technique. In our simulation, we assume the presence of 40 devices in the system each with a full buffer. We evaluate the performance of the proposed technique under two scenarios. In the first scenario, the maximum number of overlaid devices is set to 4, whereas in the second scenario, the maximum number of overlaid devices is considered to be 8. In both scenarios, it is assumed that devices utilizing transmission schemes 2, 3, and 4 are forced to implement 8 blind repetitions, i.e., theoretically they have a 9 dB performance gain, and thus can transmit using MCS 4. In addition, we assume perfect IQ combining, whereby combining two repetitions results in a 3 dB power gain. The simulation results are provided in Figure 1. 
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Figure 3. Performance of the proposed overlaid CDMA technique with 40 devices.
From this figure, it can be clearly seen that the enhanced overlaid CDMA technique have a positive impact on the devices’ throughputs. In addition, increasing the maximum number of overlaid devices significantly increases the performance gain. The effect of the enhanced CDMA technique on the overall system throughput is provided in Table 3.
Table 3. System Throughput for 40 devices with full buffer.
	Parameters
	Overlaid CDMA
Technique of [3]
	Proposed Technique 4 overlaid devices
	Proposed Technique 8 overlaid devices

	System Throughput
	53 Kbps
	65.1 Kbps (22.8% gain)
	88.8 Kbps  (67% gain)



6. Summary
In this work, we proposed an enhanced overlaid CDMA technique for EC-GSM systems. In this technique, multiple devices are multiplexed by allocating orthogonal subchannels to the overlaid devices using orthogonal codes. A major advantage of the proposed technique is that it eliminates the constraint on the channel quality of the devices that can be overlaid. It was shown by simulations that the proposed technique offer significant performance gains in terms of both, devices throughput and system throughput, when compared to the reference overlaid CDMA technique currently proposed for EC-GSM systems. 
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