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Introduction
The EC-EGPRS feature is currently being specified in 3GPP Rel-13. One objective of the WI is support for overlaid CDMA codes in the uplink, see [1].
In this document design aspects of the OLCDMA code, and some performance evaluation is performed.
Overlaid CDMA
The OLCDMA technique can be applied when blind physical layer transmissions are used for a radio block and coherent transmission and reception is required. In the proposed physical layer design for EC-EGPRS, coherency is required only within TDMA frames, and the uplink channels for which repetitions within a TDMA frames are used are EC-PDTCH, EC-PACCH and the 2 TS mapping of EC-RACH. In this document, and in related CRs to GERAN#69, it is proposed to only apply the OLCDMA to the EC-PACCH and EC-PDTCH since no evaluation yet has been performed for EC-RACH. Views from GERAN whether to apply OLCDMA also for 2 TS EC-RACH is encouraged.
Transmitter
OLCDMA improves capacity by multiplexing multiple users on the same radio resources. Orthogonally between multiplexed users is achieved through CDMA. More specifically each user repeats its blocks using an assigned code that is orthogonal to the codes assigned to other users. The use of the code implies applying a phase shift to each transmitted burst.
[bookmark: _Ref401096660]Code matrix
With the proposed design of EC-PDTCH and EC-PACCH, all coverage classes that use blind physical layer transmissions use four repetitions per TDMA frame. Therefore, only code length four needs to be supported. For coverage classes with more repetitions than four, the code is repeated for each TDMA frame.
To generate the orthogonal codes various options are possible. In this contribution both “Hadamard codes” and “Fourier codes” are considered. 
If Fourier codes are used the MS phase shifts the four transmitted bursts according to one row of the code matrix below.
	
	TS0
	TS1
	TS2
	TS3

	Code 1
	0˚
	180˚
	0˚
	180˚

	
	
	
	
	

	Code 2
	0˚
	90˚
	180˚
	270˚

	
	
	
	
	

	Code 3
	0˚
	0˚
	0˚
	0˚

	
	
	
	
	

	Code 4
	0˚
	270˚
	180˚
	90˚



Figure 1: Phase shifts of four consecutive bursts when Fourier codes are used.

If Hadamard codes are used, the following phase shifts are applied.
	
	TS0
	TS1
	TS2
	TS3

	Code 1
	0˚
	0˚
	0˚
	0˚

	
	
	
	
	

	Code 2
	0˚
	180˚
	0˚
	180˚

	
	
	
	
	

	Code 3
	0˚
	0˚
	180˚
	180˚

	
	
	
	
	

	Code 4
	0˚
	180˚
	180˚
	0˚



Figure 2: Phase shifts of four consecutive bursts when Hadamard codes are used.

Receiver
At the receiver side, the received bursts within a TDMA frame are buffered. The row of the orthogonal matrix used by each user is known at the receiver. For example if user X used the third row of a code matrix in order to perform the phase shifts during the burst repetitions, then the receiver must perform the reverse operation. I.e. after all the burst repetitions have been received, the bursts are phase shifted according to the same matrix row, but in the opposite direction, followed by simple addition of the received (I,Q) samples. 
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[bookmark: _Ref391117540]Figure 3: Illustration of how the proposal impacts MS and BTS procedures.

Figure 3 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.
Managing frequency offset and subchannel power imbalance
It has been shown in previous contributions [3][4] 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.
When two users are multiplexed, the complexity of this receiver is comparable to a VAMOS receiver. If four users are multiplexed, the complexity is about twice the complexity of a VAMOS receiver. Considering that the OLCDMA SIC receiver is applied once over four timeslots, whereas a VAMOS receiver is applied per timeslot, the average receiver complexity per timeslot is lower for OLCDMA than for VAMOS.
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

	Frequency offset
	1) N(0,10) Hz
2) N(0,45) Hz
See section 3.1.1

	Other impairments
	Typical, see e.g. [2]

	SCPIR
	1) Random
2) Fixed at -9 dB
3) Fixed at -15 dB
See section 3.1.2

	CDMA code
	1) Fourier
2) Hadamard
See section 2.2.

	CDMA code length
	4

	Logical channel
	EC-PDTCH/U[footnoteRef:1] [1:  It can be noted investigating EC-PDTCH can be seen as a worst case scenario, considering that EC-PACCH/U (where OLCDMA is also applied) has lower code rate, and hence more protection against the impairments investigated in the simulations.] 


	Coverage class
	CC2

	Number of subchannels
	1, 2, 3, 4

	MCS
	MCS-1

	Incremental redundancy
	No

	Receiver
	2 RX antennas, MRC
1) No SIC (when frequency offset = N(0,10))
2) SIC (when frequency offset =N(0,45))


[bookmark: _Ref401055988]Frequency offset
The frequency offset has been modelled as a normal distribution with zero mean and a standard deviation of either 10 Hz or 45 Hz. In addition to this, frequency drift is modelled according to [2]. The frequency offset is assumed independent between transmitters.
The N(0,10) Hz case corresponds to the expected offset according to previous investigations, see e.g. [2]. The N(0,45) Hz case is evaluated to test the robustness in an extreme case.
[bookmark: _Ref401058866]Subchannel power imbalance
Three models have been tested.
· In the first model each subchannel, including the wanted signal[footnoteRef:2], 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. [2:  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 level of the each interfering subchannel is fixed at 9 dB above the wanted signal.
· In the third model, the power level of the each interfering subchannel is fixed at 15 dB above the wanted signal.
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.
Description of presented results
Three types of results are presented:
· Block error rate: The BLER of the first transmission (i.e., without incremental redundancy)
· Channel throughput: This is the total throughput of all users sharing the channel. The channel throughput is approximated by

where  is the number of users multiplexed on the channel and = 8800 bits/s is the peak throughput[footnoteRef:3]  for MCS-1 with four repetitions over four timeslots (i.e., CC2). [3:  Measured at the RLC/MAC layer.] 

· User throughput: This is the throughput of one user. The user throughput is approximated by 

Results with typical transmitter frequency offset 
In this case, the transmitter frequency offset is N(0,10) Hz. No SIC is used in the receiver.
Random SCPIR
The random SCPIR scenario shows the average performance of OLCDMA multiplexed users.
The BLER when multiplexing different number of CC2 subchannels using Fourier codes in the random SCPIR scenario is shown in Figure 4. Corresponding results for Hadamard codes are shown in Figure 5. It can be seen that even when four users are multiplexed, the performance is almost unaffected by the presence of the interfering OLCDMA subchannels. The performance is slightly better for the Hadamard codes.
[image: ]
[bookmark: _Ref419816230]Figure 4: BLER for 1/2/3/4 CC2 user multiplexing with Fourier codes in the random SCPIR scenario.
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[bookmark: _Ref443188133]Figure 5: BLER for 1/2/3/4 CC2 user multiplexing with Hadamard codes in the random SCPIR scenario.

The channel throughput with different number of CC2 subchannels in the same scenario is shown in Figure 6 (Fourier codes) and Figure 7 (Hadamard codes). It can be seen that the throughput on the four timeslots increases proportionally with the number of OLCDMA multiplexed users.
[bookmark: _GoBack]OLCDMA would typically be used when the timeslot utilization is high, so that scheduling of all users with their preferred coverage class (CC2 in the simulations) would otherwise not be possible. An alternative could be to decrease the coverage class of the users to make them use less resources and thereby possible to multiplex without OLCDMA. Four OLCDMA multiplexed CC2 users, each transmitting one radio block, occupy the same number of bursts (16) as four CC1 users, each transmitting one radio block on a separate timeslot. Therefore, it is interesting to compare the throughput of these two alternatives. The total throughput of four CC1 users, each on a separate timeslot, is shown as a dashed black line in the figure. Comparing this with the solid pink line, it is clear that from a throughput perspective, multiplexing four users using OLCDMA and CC2 is generally better than using TDMA and CC1.
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[bookmark: _Ref442993741]Figure 6: Channel throughput for 1/2/3/4 CC2 user multiplexing with Fourier codes in the random SCPIR scenario.
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[bookmark: _Ref443191314]Figure 7: Channel throughput for 1/2/3/4 CC2 user multiplexing with Hadamard codes in the random SCPIR scenario.

Fixed SCPIR
The fixed SCPIR scenario shows the performance of an OLCDMA user that is constantly 9 dB or 15 dB below the other users.
The BLER performance at SCPIR = -9 dB is shown in Figure 8 with Fourier codes and Figure 9 with Hadamard codes. The impact of the strong interfering subchannels is modest, less than 0.5 dB at 10 % BLER in all cases.
At SCPIR = -15 dB , shown in Figure 10 and Figure 11, there is a performance degradation of 1.6 dB in the worst case.
It needs to be stressed that this is a extremely pessimistic scenario more investigated to stress the system, than to evaluate a typical performance, especially in the 3 and 4 user scenario where all paired users are placed 15 dB above the wanted signal. That is, for the 4 user multiplexing case, the interfering power is at around -20 dB.
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[bookmark: _Ref443038736]Figure 8: BLER for 1/2/3/4 CC2 user multiplexing with Fourier codes in fixed SCPIR=-9 dB scenario.
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[bookmark: _Ref443189578]Figure 9: BLER for 1/2/3/4 CC2 user multiplexing with Hadamard codes in fixed SCPIR=-9 dB scenario.
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[bookmark: _Ref443190044]Figure 10: BLER for 1/2/3/4 CC2 user multiplexing with Fourier codes in fixed SCPIR=-15 dB scenario.
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[bookmark: _Ref443190046]Figure 11: BLER for 1/2/3/4 CC2 user multiplexing with Hadamard codes in fixed SCPIR=-15 dB scenario.

The user throughput impact for the unfortunate user at SCPIR = - 15 dB is shown in Figure 12 (Fourier codes) and Figure 13 (Hadamard codes).  The throughput of this user is reduced by about 10 % due to the strong interferers on the other subchannels. Still, the throughput is much better than for the alternative to use CC1 and assign a separate timeslot to each of the users, as shown by the black dashed curve.
Also in these scenarios, the Hadamard codes perform slightly better than the Fourier codes.
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[bookmark: _Ref443003463]Figure 12: User throughput of the worst user for 1/2/3/4 CC2 user multiplexing with Fourier codes in fixed SCPIR = -15 scenario.
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[bookmark: _Ref443190218]Figure 13: User throughput of the worst user for 1/2/3/4 CC2 user multiplexing with Hadamard codes in fixed SCPIR = -15 scenario.

Results with pessimistic transmitter frequency offset
In this case, the transmitter frequency offset is N(0,45) Hz, which is much worse than what has been shown possible in frequency offset estimation/compensation simulations (see e.g. [2]). Here, SIC is used in the receiver.
Random SCPIR
The BLER in the random SCPIR scenario is shown in Figure 14. Corresponding results for Hadamard codes are shown in Figure 15. It can be seen that three subchannels can be multiplexed with a small performance degradation. When four subchannels are multiplexed, the loss is approximately 2 dB at 10 % BLER.
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[bookmark: _Ref443190953]Figure 14: BLER for 1/2/3/4 CC2 user multiplexing with Fourier codes in the random SCPIR scenario.
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[bookmark: _Ref443190956]Figure 15: BLER for 1/2/3/4 CC2 user multiplexing with Hadamard codes in the random SCPIR scenario.

The channel throughput in the same scenario is shown in Figure 16 (Fourier) and Figure 17 (Hadamard). It can be seen that there is still a significant throughput increase, although not fully proportional to the number of OLCDMA multiplexed users.
Comparing the total throughput of OLCDMA with 4 subchannels (solid pink line) with the total throughput of four CC1 users, each on a separate timeslot (dashed black line), it is clear that OLCDMA is generally better also in this case.
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[bookmark: _Ref443191280]Figure 16: Channel throughput for 1/2/3/4 CC2 user multiplexing with Fourier codes in the random SCPIR scenario.
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[bookmark: _Ref443191348]Figure 17: Channel throughput for 1/2/3/4 CC2 user multiplexing with Hadamard codes in the random SCPIR scenario.

Fixed SCPIR
The fixed SCPIR scenario shows the performance of an OLCDMA user that is constantly 9 dB or 15 dB below the other users.
The BLER performance at SCPIR = -9 dB is shown in Figure 18 with Fourier codes and Figure 19 with Hadamard codes. Corresponding results with SCPIR = -15 dB are shown in Figure 20 and Figure 21. With one strong interfering subchannel, there is almost no impact. However, when two or three strong interfering subchannels are present, the BLER degradation is significant.
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[bookmark: _Ref443191841]Figure 18: BLER for 1/2/3/4 CC2 user multiplexing with Fourier codes in fixed SCPIR=-9 dB scenario.
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[bookmark: _Ref443191845]Figure 19: BLER for 1/2/3/4 CC2 user multiplexing with Hadamard codes in fixed SCPIR=-9 dB scenario.
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[bookmark: _Ref443191847]Figure 20: BLER for 1/2/3/4 CC2 user multiplexing with Fourier codes in fixed SCPIR=-15 dB scenario.
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[bookmark: _Ref443191848]Figure 21: BLER for 1/2/3/4 CC2 user multiplexing with Hadamard codes in fixed SCPIR=-15 dB scenario.

The user throughput impact for the user at SCPIR = - 15 dB is shown in Figure 12 (Fourier codes) and Figure 13 (Hadamard codes).  When interfered by two or three 15 dB stronger OLCDMA subchannels, the user throughput is significantly reduced. However, it is worth noticing that even for the worst case with three interfering subchannels, the throughput is better at low Eb/N0 than for the alternative to use CC1 and assign a separate timeslot to each of the users, as shown by the black dashed curve.
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Figure 22: User throughput of the worst user for 1/2/3/4 CC2 user multiplexing with Fourier codes in fixed SCPIR = -15 dB scenario.
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Figure 23: User throughput of the worst user for 1/2/3/4 CC2 user multiplexing with Hadamard codes in fixed SCPIR = -15 dB scenario.

Summary
If typical transmitter frequency offsets according to what has shown to be feasible after offset estimation/compensation in previous investigations (see e.g. [2]), overlaid CDMA can be used to multiplex up to four CC2 users with almost a fourfold increase in channel throughput. Even users interfered by three 15 dB stronger subchannels get only a modest (10%) user throughput  reduction compared to if they had been given exclusive access to the channel. This can be achieved without using successive interference cancellation (SIC) in the BTS receiver.
If a pessimistic assumption on transmitter frequency offset is taken, separating the subchannels in the receiver is more challenging. A SIC received is needed in this case. But even in this case, the channel throughput is increased by a factor 3.5 or more. 
For a user experiencing several significantly stronger interfering subchannels, the user throughput will however be degraded. Even so, in a scenario where PDCH capacity is limited, the alternative to increase the coverage class to CC1 and give each user a separate timeslot is generally worse. It also need to be stressed that what has been evaluated is an extremely pessimistic scenario, where, in the worst case, with 4 user multiplexing, a single users would experience -20 dB in C/I from other sub-channels (excluding effects from fast fading), assuming a very pessimistic frequency offset for each user. The frequency offset model used fits well with the worst case offset at 164 dB MCL, after coarse frequency correction after FCCH in earlier investigations, see [2].
This contribution has focused on CC2 since this is expected to be the most commonly used coverage class in extended coverage. CC3 and CC4 were not considered but have been investigated in previous input to GERAN (see [2]), where it was shown that multiplexing four users is possible with good performance.
Hadamard codes have been found to give better performance than Fourier codes with typical transmitter frequency offsets (without SIC), while Fourier codes give slightly better performance with pessimistic transmitter frequency offsets (with SIC). Since Hadamard codes have the advantage that they may be easier to implement in some MS architectures, it could be beneficial to use Hadamard codes.
Conclusions
From the evaluations in this contribution, it is concluded that OLCDMA gives substantial PDCH capacity gains, which will be useful in highly loaded networks. It is therefore recommended to proceed with specification of OLCDMA (as stated in the WI objectives, see [1]) for EC-PDTCH/EC-PACCH. Use of OLCDMA on 2 TS EC-RACH may also be considered but has not yet been evaluated.
References
GP-151039, “New Work Item on Extended Coverage GSM (EC-GSM) for support of Cellular Internet of Things”, source Ericsson LM, Intel, Gemalto N.V., MediaTek Inc., TeliaSonera AB, Sierra Wireless S.A., Telit Communications S.p.A., ORANGE, Nokia Networks, Alcatel-Lucent. GERAN#67.
3GPP TR 45.820, “Cellular system support for ultra-low complexity and low throughput Internet of Things (CIoT)”
GP-140609, “GSM Evolution for cellular IoT - Increasing UL capacity”, source Ericsson, GERAN #63
GP-140559, “Evaluation of UL CDMA for GSM Evolution”, source Huawei Technologies Co., Ltd., HiSilicon Technologies Co. Ltd., GERAN#63
1(19)
[bookmark: _Toc458939174]7(19)
image2.png
BLER

Fourier codes, Random SCPIR, 10 Hz

T
=== 1 CC2 channel

=—— 2 CC2 subchannels
==— 3 CC2 subchannels

=44 CC2 subchannels

-5
E,/N, [dB]





image3.png
BLER

Hadamard codes, Random SCPIR, 10 Hz

T
=== 1 CC2 channel

=—— 2 CC2 subchannels
==— 3 CC2 subchannels

=44 CC2 subchannels

-5
E,/N, [dB]





image4.png
Channel throughput [bits/s/4TS]

4
x10

Fourier codes, Random SCPIR, 10 Hz

T T T !
35 T—w—1.CCz channel
=—— 2 CC2 subchannels
==— 3 CC2 subchannels
3 [ —— 4 CC2 subchannels 1
—-6-— 4 CC1 channels
25
2k
151
s
0.5
12 10 -8 6 -4 2 0

E,/N, [dB]




image5.png
Channel throughput [bits/s/4TS]

X 104 Hadamard codes, Random SCPIR, 10 Hz

T T T !
35 T—w—1.CCz channel
=—— 2 CC2 subchannels
==— 3 CC2 subchannels
3 [ —— 4 CC2 subchannels 1
—-6-— 4 CC1 channels
25
2k
151
s
0.5
12 10 -8 6 -4 2 0

E,/N, [dB]




image6.png
BLER

Fourier codes, SCPIR=-9, 10 Hz

T
=== 1 CC2 channel

=—— 2 CC2 subchannels
==— 3 CC2 subchannels

=44 CC2 subchannels

-5
E,/N, [dB]





image7.png
BLER

Hadamard codes, SCPIR=-9, 10 Hz

T
=== 1 CC2 channel

=—— 2 CC2 subchannels
==— 3 CC2 subchannels

=44 CC2 subchannels

-5
E,/N, [dB]





image8.png
BLER

Fourier codes, SCPIR=-15, 10 Hz

T
=== 1 CC2 channel

=—— 2 CC2 subchannels
==— 3 CC2 subchannels

=44 CC2 subchannels

-5
E,/N, [dB]





image9.png
BLER

Hadamard codes, SCPIR=-15, 10 Hz

T
=== 1 CC2 channel

=—— 2 CC2 subchannels
==— 3 CC2 subchannels

=44 CC2 subchannels

-5
E,/N, [dB]





image10.png
Worst user throughput [bits/s/4TS]

Fourier codes, SCPIR=-15, 10 Hz

9000 T T T

==w—1CC2 channel
—w— 2 CC2 subchannels
=== 3 CC2 subchannels
=% 4 CC2 subchannels
7000 - —-6-— 1 CC1 channel

8000 [

6000

5000

4000

IR i i

o
-10 8 ) 4
E,/N, [dB]




image11.png
Worst user throughput [bits/s/4TS]

Hadamard codes, SCPIR=-15, 10 Hz

9000 T T T

==w—1CC2 channel
—w— 2 CC2 subchannels
=== 3 CC2 subchannels
=% 4 CC2 subchannels
7000 - —-6-— 1 CC1 channel

8000 [

6000

5000

4000

IR i i

o
-10 8 ) 4
E,/N, [dB]




image12.png
BLER

Fourier codes, Random SCPIR, 45 Hz

T
=== 1 CC2 channel

=—— 2 CC2 subchannels
==— 3 CC2 subchannels

=44 CC2 subchannels

-5
E,/N, [dB]





image13.png
BLER

Hadamard codes, Random SCPIR, 45 Hz

T
=== 1 CC2 channel

=—— 2 CC2 subchannels
==— 3 CC2 subchannels

=44 CC2 subchannels

-5
E,/N, [dB]





image14.png
Channel throughput [bits/s/4TS]

4
x10

Fourier codes, Random SCPIR, 45 Hz

T T T !
35 T—w—1.CCz channel |
=—— 2 CC2 subchannels
==— 3 CC2 subchannels
3 [ —— 4 CC2 subchannels 1
—-6-— 4 CC1 channels
25
2k
151
s
0.5
12 10 -8 6 -4 2 0

E,/N, [dB]




image15.png
Channel throughput [bits/s/4TS]

X 104 Hadamard codes, Random SCPIR, 45 Hz

T T T T
35 T—w—1.CCz channel i
—w— 2 CC2 subchannels
==— 3 CC2 subchannels
3 —w— 4 CC2 subchannels
—-6-— 4 CC1 channels
25
2k
151
s
0.5
-12 -10 -8 -6 -4 -2 0

E,/N, [dB]




image16.png
BLER

Fourier codes, SCPIR=-9, 45 Hz

T
=== 1 CC2 channel

==w— 2 CC2 subchannels
==#— 3 CC2 subchannels
=44 CC2 subchannels

) 5 -4
E,/N, [dB]





image17.png
BLER

Hadamard codes, SCPIR=-9, 45 Hz

T
=== 1 CC2 channel

==w— 2 CC2 subchannels
==#— 3 CC2 subchannels
=44 CC2 subchannels

-10 9 8 7 % 5 -4
E/N, [dB]





image18.png
BLER

Fourier codes, SCPIR=-15, 45 Hz

|

T
=== 1 CC2 channel
=—— 2 CC2 subchannels

—#— 3 CC2 subchannels ||

=44 CC2 subchannels

) 5 -4
E,/N, [dB]





image19.png
Hadamard codes, SCPIR=-15, 45 Hz

T T T T T T T
=—t— 1 CC2 channel

“=ip | —w— 2 CC2 subchannels
==#— 3 CC2 subchannels
=44 CC2 subchannels

——t——

—

BLER

-5
E,/N, [dB]




image20.png
Worst user throughput [bits/s/4TS]

9000 !

Fourier codes, SCPIR=-15, 45 Hz

==w—1CC2 channel
—w— 2 CC2 subchannels
=== 3 CC2 subchannels
=% 4 CC2 subchannels
7000 - —-6-— 1 CC1 channel

8000 [

6000

5000

4000

3000

2000

1000

-6 -4 -2 0 2
E,/N, [dB]




image21.png
Worst user throughput [bits/s/4TS]

9000

Hadamard codes, SCPIR=-15, 45 Hz

8000 [

7000 [

6000

5000

4000

3000

2000

1000

==w—1CC2 channel
—w— 2 CC2 subchannels
=== 3 CC2 subchannels
=% 4 CC2 subchannels
—-6-— 1 CC1 channel

a 2 3 2
E,/N, [dB]




image1.png




