3GPP TSG GERAN #67		Tdoc GP-150782
Yin Chuan, China		Agenda item 7.1.5.3.5.7
10th – 13th August, 2015
Source: Ericsson LM, Nokia Networks

3GPP TSG GERAN#67		Tdoc GP-150782
Narrowband LTE – PDSCH and PUSCH design and performance 
[bookmark: _Ref409106980]Introduction
At GERAN#62 a new feasibility study named Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things (WI code: FS_IoT_LC)  was approved, see  [1]. The study is open to both a non-legacy based design, and/or a backward compatible evolution of GSM/EDGE.
In [2, 3], a solution based on narrowband LTE (NB-LTE) with 200 kHz system bandwidth is proposed for Ultra Low Complexity and Low Throughput Internet of Things. In this contribution, performance of both the downlink and uplink shared channels in a NB-LTE system is analyzed. To ease the description in this contribution, we will refer to downlink and uplink shared channels in NB-LTE as M-PDSCH and M-PUSCH, respectively.
M-PDSCH and M-PUSCH
Like PDSCH and PUSCH in LTE, M-PDSCH and M-PUSCH are used in a NB-LTE system for sending downlink and uplink user data and certain control information, respectively. The same LTE coding, modulation, and rate-matching scheme can be adopted to configure M-PDSCH and M-PUSCH. Thus, thanks to existing LTE specifications, the procedures of processing M-PDSCH and M-PUSCH are well established for eNBs and UEs [4-6]. 
LTE includes both turbo code and convolutional code as the coding schemes. For M-PUSCH, turbo code can be used as in the case of LTE PUSCH as far as LTE capable base stations are concerned. For M-PDSCH, decoding complexity at the UE might be an important factor to consider. The potential impact on UE cost between the choices of turbo code versus convolutional code is FFS. In our evaluation of M-PDSCH performance however, convolutional code is used. This is to verify that even with the convolutional code the MCL targets as specified in [1] can be met by NB-LTE.
M-PDSCH
Like LTE downlink, NB-LTE downlink uses OFDMA with 15 kHz subcarrier spacing. In Figure 1, the transmitter processing of LTE PDSCH is shown. M-PDSCH follows the exact same processing as shown in Figure 1. The only step that needs to be revised is the mapping of modulated symbol to resource elements.
[image: ]
[bookmark: _Ref426124779][bookmark: _Ref426124747]Figure 1: M-PDSCH transmission
For completeness, we briefly summarize all the steps depicted in Figure 1 and provide corresponding references to E-UTRA specifications that describe those steps in detail. 
The CRC is 24-bit long and generated according to [5] using the following polynomial:
gCRC24B(D) = [D24 + D23 + D6 + D5 + D + 1].			(1)
For the performance evaluation in this contribution we consider the LTE convolutional code. As mentioned earlier, the choice between the LTE convolutional code and the LTE turbo code for M-PDSCH is for further study. It is however important to verify that even with the convolutional code, the performance target can be met.
The LTE convolutional code encoder is shown in Figure 2.
[image: ]
[bookmark: _Ref426125532]Figure 2: LTE convolutional code encoder. 
Rate matching and interleaving is performed according to Figure 3, in which the three coded bit streams from the encoder (see Figure 2) are independently interleaved before a circular buffer based rate matching process is applied. The details are given in section 5.1.4.2 of [5].
[image: ]
[bookmark: _Ref426125877]Figure 3: Rate matching and interleaving for M-PDSCH. (based on the same rate matching scheme as LTE)
The encoded bits after rate-matching are scrambled with a scrambling mask generated according to the RNTI associated with the M-PDSCH transmission (see section 7.2 of [4]). The scrambled codeword is modulated with QPSK modulation according to the mapping table below. Whether higher order modulations such as 16-QAM and 64-QAM are also supported for M-PDSCH is for further study and depends primarily on the expected difference in terminal complexity.
[bookmark: _Ref426129017]Table 1: QPSK modulation mapping
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In the subsequent step, the modulated symbols are mapped to the M-PDSCH resources. As reference, the resource element mapping for PDSCH (legacy LTE) is illustrated in Figure 4. Figure 5 shows the revised mapping for M-PDSCH (NB-LTE). As a general principle, the resource elements mapped to 6x12 subcarriers in 1 ms (1 subframe) in LTE occur on 12 subcarriers over 6x1 ms (1 M-subframe, see also [2]).
 [image: ]
[bookmark: _Ref426191995]Figure 4: Resource element multiplexing and allocation among different physical channels. (LTE with 6 PRBs)
[image: ]
[bookmark: _Ref426192084]Figure 5: Resource element multiplexing and allocation among different physical channels. (NB-LTE)
Afterwards, the inverse FFT (IFFT) is applied and a cyclic prefix (CP) is inserted to obtain the transmit signal in the time-domain. We consider the normal CP duration as defined in LTE in our evaluation.
In order to operate efficiently at high maximum coupling loss (MCL), we suggest a bundling scheme in [2] which works similarly to the TTI Bundling defined for the LTE PUSCH. In order to increase the robustness of the M-PDSCH, the same transport block is repeated in subsequent M-subframes and the transmission attempts are soft-combined by the receiver. The bundling level is configured by RRC depending on the required coverage enhancement level. 
M-PUSCH
For M-PUSCH, one main difference from Rel-13 is that the subcarrier spacing is reduced to 2.5 kHz. As explained in [7], one motivation is to increase the LTE cyclic prefix (CP) by a factor of 6, which is sufficient to accommodate the worst timing estimation and adjustment inaccuracy expected in NB-LTE. Another motivation for reducing the subcarrier spacing is to allow a higher degree of user multiplexing. For example, one user may be allocated with one single subcarrier. This is more efficient for users in extreme coverage limited conditions as such users do not benefit from being allocated with higher bandwidth. Due to the reduction in subcarrier spacing by a factor of 6, M-PUSCH CP, slot duration, and subframe duration are all increased by a factor of 6 compared to LTE PUSCH. The slot format, in terms of number of OFDM symbols per slot, number of pilot symbol per slot, and ratio between CP and an OFDM symbol, etc., is however the same as LTE PUSCH. 
Figure 6 shows how M-PUSCH (shaded in yellow) is multiplexed with PRACH on a NB-LTE carrier. The edge subcarriers as shown in Figure 6 are allocated to UEs that need extreme coverage extension (e.g. 20 dB). These UEs can only transmit at low rates due to poor coverage condition, and thus from system design perspectives, it is not desirable to further lower their data rates by time multiplexing with other physical channels (e.g. PRACH).
 
[image: ]
[bookmark: _Ref426195820]Figure 6: time- and frequency-multiplexing of PRACH and PUSCH.
Like LTE uplink, single-carrier frequency division multiple access (SC-FDMA), also known as DFTS-OFDM, is used for M-PUSCH. The number of subcarriers allocated to a UE is not necessarily an integer multiple of 12. For example, it may be 1 for UEs in very poor coverage condition.
M-PUSCH processing is shown in Figure 7. 
[image: ]
[bookmark: _Ref426226208]Figure 7: M-PUSCH processing.
The CRC generation uses the same polynomial as Equation (1). Channel coding is based the LTE turbo code encoder shown in Figure 8. 
In terms of base station complexity, using convolutional codes is beneficial if the candidate technology is to be supported on legacy GSM/EDGE base stations, as also has been investigated during the GERAN Evolution feasibility study, see [10].
[image: ]
[bookmark: _Ref426226229]Figure 8: The LTE turbo encoder used for M-PUSCH.
Interleaving and rate matching is also based on Figure 3, with the details given in section 5.1.4.1 of [5]. The encoded bits after rate-matching are scrambled with a scrambling mask generated according to the RNTI associated with the M-PUSCH transmission, see section 7.2 of [4]. The scrambled codeword is modulated with BPSK or QPSK modulation according to the mapping tables in Table 2 and Table 1, respectively. Whether higher order modulations such as 16-QAM and 64-QAM are used for M-PUSCH is for further study.
[bookmark: _Ref426226288]Table 2: BPSK modulation mapping
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The modulated symbols are grouped into the subcarriers that are allocated to an M-PUSCH. Transform Precoding is applied to each group as described in section 5.3.3 of [4] to obtain so-called frequency-domain symbols. The th SC-FDMA baseband time-continuous signal is generated based on frequency-domain symbols as described below. 

	(2)











for where,  is the number of subcarriers allocated to M-PUSCH, , ,  and  is the frequency-domain symbol on subcarrier  of the th SC-FDMA symbol. Table 3 lists the values of that shall be used. For the special case of  , The th SC-FDMA baseband time-continuous signal is generated based on frequency-domain symbols as described below. 

			(3)
[bookmark: _Ref426130341]Table 3: SC-FDMA CP length.
	Configuration
	
Cyclic prefix length 

	Normal cyclic prefix
	








Note that both equations (2) and (3) are essentially the same as how LTE SC-FDMA baseband signal is generated according to [4], except for different parameters such as subcarrier spacing (), sampling time (), CP values, number of time-domain samples before CP insertion (N), and number of subcarriers that can be allocated to M-PUSCH.
Evaluation results
Evaluation methodology and assumptions
The evaluation methodology as detailed in section 5.1 of [8] is fully adopted. The assumptions used in our evaluation are the same as those given in Table C.1 and D.1 of [8]. The relevant parameters from these two tables are included below for easy reference. 

Table 4: Assumptions for link level simulations.
	Parameter
	Value

	Frequency band
	900 MHz

	Propagation channel model
	TU

	Doppler spread
	1 Hz with model for Doppler spectrum taken from TR 36.888 [3]

	Interference/noise
	Sensitivity

	Antenna configuration
	BS: 1T2R
MS: 1T1R

	Frequency error
	 
F_offset(t) = F_est_error + (F_drift_active * t). 

	NB LTE specific frequency error  (F_est_error)
	Randomly chosen from [-50, 50] Hz (see [9])

	Frequency drift rate (F_drift_active)
	22.5 Hz/second

	BS transmit power per 200KHz (dBm)
	43 

	MS transmit power (dBm)
	23 dBm

	Thermal noise density (dBm/Hz)
	-174

	BS Receiver noise figure (dB)
	3

	MS Receiver noise figure (dB)
	5

	Interference margin (dB)
	0

	Receiver processing gain (dB)
	0



The traffic model used in our performance analysis is based on [8]. For the uplink, an exception report with an application payload of 20 bytes is generated. For the downlink, network commands of 20-bytes are assumed, see E.2.3 of [8]. Overhead for COAP/DTLS/UDP/IP amounts to 65 bytes without IP header compression, see Table  E.2-3 of [8]. Furthermore, as required by [8], Gb interference is assumed, which results in additional overheads of 4 bytes from SNDCP, 6 bytes from LLC, 2 bytes from MAC, and 3 bytes CRC. Therefore, overall 800 bits, including CRC, are transmitted on the PHY layer.
[bookmark: _Ref426224877]M-PDSCH performance
In the following we evaluate the performance of three M-PDSCH configurations that target different coverage enhancement levels (basic, robust, extreme). The three configurations primarily differ with respect to the bundling level (the number of M-subframes in the total transmission time, see [2]). In the “basic” coverage mode the transport block of 800 bit (including 120 bit of CRC, MAC, LLC and SNDCP header) is transmitted in a single M-subframe (6 ms) which corresponds to a gross L1 data rate of 800 bit / 0.006 s = 133.3 kbps. Correspondingly, the net data rate above SDNCP is: 
(800 bit – 120 bit) / 0,006 s = 113.3 kbps for 144 dB MCL.
In order to use the same transport block size at “robust” or “extreme” coverage enhancement level, a bundling level of 6 and 36 is used, respectively. Therefore, the net data rate above SNDCP is: 
(800 bit – 120 bit) / (6 * 0,006 s) = 18.9 kbps (robust), and 
(800 bit – 120 bit) / (36 * 0,006 s) = 3.1 kbps (extreme)
These numbers as well as other configuration parameters are listed in Table 5 and illustrated in Figure 9, Figure 10 and Figure 11. Note that the repetition level means the number of times that a codeword is repeated in the total transmission time interval. This is not to be confused with the bundling level discussed earlier.
[bookmark: _GoBack]All these configurations are based on 800 bit transport block size. As explained in [3], it is desirable to aim for large transport blocks in order to decrease the relative L1/L2 overhead. We achieve this by the above-mentioned bundling scheme even in extreme coverage scenarios. However, if not enough data is available to fill a transport block of 800 bit (corresponds to 85 byte above SNDCP) a smaller transport block size should be chosen. Like in LTE, this can be achieved by adjusting the modulation and coding scheme (MCS) and the number of PRBs in an M-subframe. In NB-LTE it is furthermore possible to adjust the bundling level but we expect this to be done at a slower time scale assuming it is configured by RRC. .
[bookmark: _Ref426141796][bookmark: _Ref426219218]Table 5: Summary of the three example configurations for M-PDSCH.
	
	Extreme coverage mode
	Robust coverage mode
	Basic coverage mode

	Coding scheme
	Conv. Code
	Conv. Code
	Conv. Code

	Code rate
(per repetition)
	0.34
	0.34
	0.51

	modulation
	QPSK
	QPSK
	QPSK

	# repetition
	24
	4
	1

	# subcarriers
	12
	12
	12

	Total transmission time
	216 ms (36 M-subfr.)
	36 ms (6 M-subfr.)
	6 ms (1 M-subfr.)

	Effective data rate
(measured above SNDCP)
	3.1 kbps
	18.9 kbps
	113.3 kbps



We use the LTE convolutional code in our evaluation. This is mainly to verify that even with the convolutional code NB-LTE downlink will still be able to meet the performance target. Whether using the convolutional code instead of the turbo code for M-PDSCH is beneficial in terms of UE cost reduction is FFS. 

[image: ]
[bookmark: _Ref426141359]Figure 9: M-PDSCH configuration for basic coverage mode (approximately same MCL as EDGE)

[image: ]
[bookmark: _Ref426141364]Figure 10: M-PDSCH configuration for robust coverage mode (approximately 10 dB higher MCL than EDGE)
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[bookmark: _Ref426141368]Figure 11: M-PDSCH configuration for extreme coverage mode (approximately 20 dB higher MCL than EDGE)

The performance of the three M-PDSCH configurations is shown in Figure 12. The SNR required for achieving 10% block error rate (BLER) is used in the MCL calculation presented in Table 6. The MCL calculation methodology is according to table 5.1-1 of [8].
 [image: ]
[bookmark: _Ref426143554]Figure 12: M-PDSCH performance according to the three configuration examples for basic, robust, and extreme coverage modes.

[bookmark: _Ref426143612]Table 6: M-PDSCH MCL calculation
	Logical channel name
	M-PDSCH (extreme)
	M-PDSCH (robust)
	M-PDSCH (basic)

	Data rate(kbps) above SNDCP[footnoteRef:1] [1:  See calculation above Table 5] 

	3.1
	18.9
	113.3

	Transmitter
	
	
	

	(1) Tx power (dBm)
	43
	43
	43

	Receiver
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5
	5

	(4) Interference margin (dB)
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	180,000
	180,000
	180,000

	(6) Effective noise power
= (2) + (3) + (4) + 10 log ((5))  (dBm)
	-116.4
	-116.4
	-116.4

	(7) Required SINR (dB)[footnoteRef:2] [2:  Obtained from Figure 12] 

	-4.7
	3.6
	11.7

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-121.1
	-112.8
	-104.7

	(9) Rx processing gain
	0
	0
	0

	(10) MCL  = (1) (8) + (9) (dB)
	164.1
	155.8
	147.7




M-PUSCH performance
In this section we evaluate the performance of three M-PUSCH configurations that aim to achieve approximately 144 dB, 154 dB, and 164 dB MCL. Details of these configurations are summarized in Table 5. The effective data rate is calculated as explained for M-PDSCH in section 3.2.  
[bookmark: _Ref426225798]Table 7: Summary of the three example configurations for M-PUSCH.
	
	Extreme coverage mode
	Robust coverage mode
	Basic coverage mode

	Coding scheme
	Turbo Code
	Turbo Code
	Turbo Code

	Code rate
(per repetition)
	0.21
	0.26
	0.26

	modulation
	BPSK
	QPSK
	QPSK

	# repetition
	1
	1
	1

	# subcarriers
	1
	2
	32

	Total transmission time
	1920 ms (320 M-subf.)
	384 ms (64 M-subf.)
	24 ms (4 M-subf.)

	Effective data rate
(measured above SNDCP)
	354 bps
	1.8 kbps
	28.3 kbps



Similarly as for the downlink, we use a bundling scheme that extends the transmission of a single transport block across many M-subframes in order to obtain the desired robustness. If less data is available for transmission, it is worthwhile to reduce also the resource allocation in order not to waste radio resources. For the PUSCH this is primarily achieved by adjusting the number of subcarriers allocated to a UE. Secondly, but on a slower time scale, the eNB may adjust the bundling level (number of M-subframes).
Figure 13, Figure 14 and Figure 15 depict the channel coding, rate matching and modulation and visualize how the symbols are transmitted in time and frequency domain for basic, robust and extreme coverage enhancement. 
[image: ]
[bookmark: _Ref426143915]Figure 13: M-PUSCH configuration for basic coverage mode (approximately same MCL as EDGE)
[image: ]
[bookmark: _Ref426225345]Figure 14: M-PUSCH configuration for robust coverage mode (approximately 10 dB higher MCL than EDGE)

[image: ]
[bookmark: _Ref426143921]Figure 15: M-PUSCH configuration for extreme coverage mode (approximately 20 dB higher MCL than EDGE)
The performance of the three M-PUSCH configurations as derived from link level simulations is shown in Figure 16. Note that the configurations for basic and robust coverage mode have similar SNR performance since they share the same coding rate. However, the configuration for basic coverage mode uses 32 subcarriers, whereas the configuration for robust coverage mode uses only 2 subcarriers. Thus, these two configurations differ by 12 dB in terms of noise bandwidth and noise power.
From Figure 16 we obtain the SNR required for achieving 10% block error rate (BLER) and use it in the MCL calculation in Table 8. The MCL calculation follows the methodology according to table 5.1-1 of [8].
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[bookmark: _Ref426144744]Figure 16: M-PUSCH performance according to the three configuration examples for basic, robust, and extreme coverage modes. Note that these three configuration examples have different noise bandwidths. (see link budget calculation in Table 8)

[bookmark: _Ref426144821]Table 8: M-PUSCH MCL calculation.
	Logical channel name
	M-PUSCH (extreme)
	M-PUSCH (robust)
	M-PUSCH (basic)

	Data rate(kbps) above SNDCP[footnoteRef:3] [3:  Determined following the calculation above Table 5 but applying the parameters in Table 7] 

	0.35
	1.8
	28.3

	Transmitter
	
	
	

	(1) Tx power (dBm)
	23
	23
	23

	Receiver
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	3
	3
	3

	(4) Interference margin (dB)
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	2,500
	5,000
	80,000

	(6) Effective noise power
= (2) + (3) + (4) + 10 log ((5))  (dBm)
	-137.0
	-134.0
	-122.0

	(7) Required SINR (dB)
	-5.6
	0.7	
	0.4

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-142.6
	-133.3
	-121.6

	(9) Rx processing gain
	0
	0
	0

	(10) MCL  = (1) (8) + (9) (dB)
	165.6
	156.3
	144.6



Conclusion
In this contribution the performance of the downlink and uplink data channels in an NB-LTE system is analyzed based on link level simulations. Simulations are conducted according to the methodology described in [8]. We see that with NB-LTE, both downlink and uplink channels meet the MCL target of 164 dB. Furthermore, the uplink data rate at 164 dB MCL is 354 bps, which meets and exceeds the required 160 bps.
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Appendix
The evaluation results in section 3 are based on 800-bit of PHY burst length. In this section, we provide results for different PHY burst lengths. 
Table 9 provides configuration performance and link budget calculation for M-PDSCH with 44-byte PHY.
Table 10 provides configuration performance and link budget calculation for M-PUSCH with 70-byte PHY.
Table 11provides configuration performance and link budget calculation for M-PUSCH with 220-byte PHY.

[bookmark: _Ref426390515]Table 9: Summary of the three example configurations for M-PDSCH. (44-byte PHY)
	
	Extreme coverage mode
	Robust coverage mode
	Basic coverage mode

	Coding scheme
	Conv. Code
	Conv. Code
	Conv. Code

	Code rate
(per repetition)
	0.32
	0.32
	0.44

	modulation
	QPSK
	QPSK
	QPSK

	# repetition
	24
	4
	1

	# subcarriers
	12
	12
	12

	Total transmission time
	168 ms
	18 ms
	3 ms

	Transmitter
	
	
	

	(1) Tx power (dBm)
	43
	43
	43

	Receiver
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5
	5

	(4) Interference margin (dB)
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	180,000
	180,000
	180,000

	(6) Effective noise power
= (2) + (3) + (4) + 10 log ((5))  (dBm)
	-116.4
	-116.4
	-116.4

	(7) Required SINR (dB)
	-4.9
	3.9
	11.4

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-121.3
	-112.5
	-105.0

	(9) Rx processing gain
	0
	0
	0

	(10) MCL  = (1) (8) + (9) (dB)
	164.3
	155.5
	148






[bookmark: _Ref426390553]Table 10: Summary of the three example configurations for M-PUSCH. (70-byte PHY)
	
	Extreme coverage mode
	Robust coverage mode
	Basic coverage mode

	Coding scheme
	Turbo Code
	Turbo Code
	Turbo Code

	Code rate
(per repetition)
	0.21
	0.26
	0.24

	modulation
	BPSK
	QPSK
	QPSK

	# repetition
	1
	1
	1

	# subcarriers
	1
	2
	32

	Total transmission time
	1344 ms 
	270 ms
	18 ms

	Transmitter
	
	
	

	(1) Tx power (dBm)
	23
	23
	23

	Receiver
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	3
	3
	3

	(4) Interference margin (dB)
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	2,500
	5,000
	80,000

	(6) Effective noise power
= (2) + (3) + (4) + 10 log ((5))  (dBm)
	-137.0
	-134.0
	-122.0

	(7) Required SINR (dB)
	-4.7
	1.2	
	0.3

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-141.7
	-132.8
	-121.7

	(9) Rx processing gain
	0
	0
	0

	(10) MCL  = (1) (8) + (9) (dB)
	164.7
	155.8
	144.7






[bookmark: _Ref426390571]Table 11: Summary of the three example configurations for M-PUSCH. (220-byte PHY)
	
	Extreme coverage mode
	Robust coverage mode
	Basic coverage mode

	Coding scheme
	Turbo Code
	Turbo Code
	Turbo Code

	Code rate
(per repetition)
	0.21
	0.26
	0.25

	modulation
	BPSK
	QPSK
	QPSK

	# repetition
	1
	1
	1

	# subcarriers
	1
	2
	32

	Total transmission time
	4224 ms 
	846 ms
	54 ms

	Transmitter
	
	
	

	(1) Tx power (dBm)
	23
	23
	23

	Receiver
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	3
	3
	3

	(4) Interference margin (dB)
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	2,500
	5,000
	80,000

	(6) Effective noise power
= (2) + (3) + (4) + 10 log ((5))  (dBm)
	-137.0
	-134.0
	-122.0

	(7) Required SINR (dB)
	-6.1
	-0.1	
	0.2

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-143.1
	-134.1
	-121.8

	(9) Rx processing gain
	0
	0
	0

	(10) MCL  = (1) (8) + (9) (dB)
	166.1
	157.1
	144.8
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