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1 Introduction
The objective of evolved UTRA study item is to develop a framework for the evolution of the 3GPP radio-access technology towards a high-data-rate, low-latency and packet-optimized radio-access technology [1]. The evolved UTRA targets a system with 10X higher data rates and 2-4X higher spectral efficiency than that is achieved with 3G Rel6 systems [2]. Another important driver for UTRAN evolution is the efficient use of the spectrum and system resources that can help to reduce the development and deployment costs.
In order to meet the above challenges, multiple access scheme(s) considered should provide higher data rates and higher spectral efficiency at a reasonable complexity. The design of an efficient multiple access and multiplexing scheme is even more challenging on the uplink than the downlink due to many-to-one nature of the uplink transmissions. Another important consideration for the uplink is the peak-to-average-power ratio (PAPR) due to limited UE transmit power.   In this contribution, we provide performance and PAPR comparison for various candidate technologies for the uplink that should help understand the tradeoffs involved in deciding the uplink multiple access scheme for Evolved UTRA. The downlink multiple access aspects are considered in a companion contribution [3].
2 Uplink Multiple Access
In this section, using simple analytical models, we provide a performance comparison of non-orthogonal uplink multiple access (e.g. WCDMA) and orthogonal (e.g. OFDMA, TDMA and IFDMA [3] etc.) uplink multiple access schemes. 

2.1 Wideband Code Division Multiple Access (WCDMA)

The capacity limit of a WCDMA system can be approximated as:
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Where

K:  Number if users transmitting simultaneously

P:  Received power for a user

f:   Ratio between other-cell and own-cell signal

:  Fraction of the own-user signal considered as interference

N0: Background noise

For the special case where f=0 and =0, the above equation simplifies to:
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For large K, i.e.
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An example of CDMA capacity as a function of the number of users in the cell for the case of a single isolated cell is shown in Figure 1. The two curves indicate the cases where the single user SNR is 0.0dB or 10.0dB. The single user SNR is defined as P/N0 i.e. no inter-cell or intra-cell interference present in the system. The 10.0dB and 0.0dB cases represent a good user and a relatively weak user respectively. The capacity at point K=1 represents the situation of a single user transmitting at a time (i.e. a TDMA approach).  It can be noted that it is advantageous to schedule good users in a TDM fashion and weak users in a CDMA fashion in order to maximize the system capacity. Such a hybrid CDMA/TDMA approach is described in [5] and it is shown that the hybrid CDMA/TDMA approach provides significant gains over a pure CDMA scheme in smaller bandwidths such as 1.25MHz. However, for larger bandwidths a TDMA approach suffers from link budget limitation due to limited UE transmit power i.e. a single user transmitting in a TDM fashion over a large bandwidth such as 5, 10, 20MHz may not be able to efficiently use the whole bandwidth due to its transmit power limitation. 
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 Figure 1: CDMA Capacity as a function of number of users in the cell

2.2 Time Division Multiple Access (TDMA)

The capacity limit of a TDMA system can be approximated by setting K=1 in the capacity relation for a CDMA system as below:
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It can be noted that there is no intra-cell (multiple access) interference in case of TDMA because a single user transmits in a given slot. As pointed out in the previous section, for larger bandwidths a TDMA approach suffers from link budget limitation due to limited UE transmit power i.e. a single user transmitting in a TDM fashion over a large bandwidth may not be able to efficiently use the whole bandwidth due to its transmit power limitation.
2.3 Orthogonal Frequency Division Multiple Access (OFDMA)

The uplink capacity for an OFDMA system can be written as:
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Where i is the fraction of bandwidth allocated to user i. For the case where the bandwidth is equally divided among the K users transmitting simultaneously, the above formula can be simplified as below:
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It can be noted that there is no intra-cell (multiple access) interference or Inter-Symbol-Interference (ISI) in case of OFDMA due to orthogonal subcarriers used by different users and 1-tap OFDM subcarrier equalization. However, Cyclic Prefix (Guard Interval) overhead (typically around 10%) needs to be taken into account for the OFDM case. Therefore, the capacity of an OFDMA system can be scaled-down to account for CP overhead as below:
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Where Ts is the OFDM symbol duration and GI is the cyclic prefix duration.

2.4 Numerical Results

The numerical results for some selected cases are provided in Figure 2 through Figure 6. In these results we assumed a flat fading channel scenario i.e. no inter-symbol interference. We are interested in performance impact of intra-cell (multiple access interference) on uplink performance when using different multiple access techniques. For simplicity of comparison, we did not assume any cyclic prefix (guard interval) overhead for OFDMA. We provide performance for OFDMA and CDMA schemes. The TDMA can be seen as a special case when number of users is one (K=1) in these numerical results.

Figure 2 through Figure 6 show results for other-cell to own-cell signal ratios f=0.0, 0.2, 0.5, 0.8 and 1.0 case respectively. It can be seen that OFDMA can potentially provide large benefit over CDMA for uplink multiple access. The gains are larger when the other-cell to own-cell signal ratio (f) is lower.
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Figure 2: Capacity limits for OFDMA and CDMA for a single cell scenario (f=0.0). The TDMA capacity limit can be seen as the capacity when a single user transmits (K=1)
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Figure 3: Capacity limits for OFDMA and CDMA for a multi-cell scenario (f=0.2). The TDMA capacity limit can be seen as the capacity when a single user transmits (K=1)
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Figure 4: Capacity limits for OFDMA and CDMA for a multi-cell scenario (f=0.5). The TDMA capacity limit can be seen as the capacity when a single user transmits (K=1)
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Figure 5: Capacity limits for OFDMA and CDMA for a multi-cell scenario (f=0.8). The TDMA capacity limit can be seen as the capacity when a single user transmits (K=1)
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Figure 6: Capacity limits for OFDMA and CDMA for a multi-cell scenario (f=1.0). The TDMA capacity limit can be seen as the capacity when a single user transmits (K=1)

2.5 Summary of Capacity Comparison

A capacity comparison of uplink multiple access schemes based on a simple analysis is presented. For simplicity we assumed the case of a flat fading channel i.e. no ISI was considered. The results show that an orthogonal uplink multiple access schemes such as OFDMA can provide significant capacity gain over a non-orthogonal uplink multiple access scheme (e.g. WCDMA). The gains of OFDMA (example of orthogonal scheme) over WCDMA will be even larger when a frequency selective channel is considered. In this case, WCDMA using RAKE receiver will suffer from ISI. There can also be some performance degradation of OFDMA due to frequency selectivity because different subcarriers will see different fading. In general, the further gains of OFDMA over WCDMA will be similar to the OFDM gains over WCDMA for the downlink [3]. Note that these gains are in addition to the gains that OFDMA provided by eliminating multiple-access interference (MAI) on the uplink.

The typical situation for uplink is going to be the case where multiple users transmit simultaneously. This is due to the use of larger bandwidths and the UE transmit power limitation. We show gains of OFDMA over WCDMA for 10 users case in Table 1. For other-cell to own-cell signal ratios between 0.2-0.8, the gains of OFDMA over CDMA range from around 40% to over 100%.

Table 1 OFDMA Gains over CDMA for 10 users case
	Other-cell to own-cell signal level ratio (f)
	(COFDMA- CCDMA)/ CCDMA [%]

	
	Single user

 SNR=0.0dB
	Single user SNR=10.0dB

	0.0
	151.59
	342.65

	0.2
	83.19
	103.02

	0.5
	51.97
	58.41

	0.8
	38.20
	41.47

	1.0
	32.53
	34.85


3 Peak-to-Average Power Ratio (PAPR)
The peak-to-average-power ratio is an important consideration for RF amplifier performance both at the Node-B and the UE. In general, a low PAPR is desired for maximum power amplifier efficiency i.e. little or no power backoff required. 

In the current 3G Rel6 system, Wideband CDMA (WCDMA) is used as the multiple access scheme. A large number of parallel codes are used for transmission to various users or a single user (e.g. HSDPA uses up to 15 parallel codes for high-speed data transmission to a single user) on the downlink. A large PAPR results from the large number of parallel code channels transmission. In general, the WCDMA PAPR can be approximated by CCDF of a complex Gaussian random variable. Similarly, in case of OFDM large number of tones is used for transmission to different users or transmission to a single user. This also results in high PAPR that can again be approximated by of a complex Gaussian random variable as long as the number of tones used is large (>=16). Therefore, there is practically no difference in PAPR for WCDMA and OFDM for downlink. It is assumed that the existing Node-Bs are already designed to cope with the PAPR resulting from a complex Gaussian signal. 

The situation is different for the uplink where a fewer parallel channels are used for transmissions from a single UE. Moreover, power amplifier efficiency is more critical for the UE due to its form factor and lower cost requirements. In the Evolved UTRA system, uplink is expected to use higher order modulations such as 16-QAM/64-QAM modulations in order to achieve higher data rates. Moreover, it is desired to have little or no dependence on MIMO for achieving higher data rates due to terminal RF chains and power amplifier constraints in the uplink. If a multi-carrier multiple access such as OFDMA is used in the uplink, the PAPR will be comparable to the downlink PAPR. In this section, we will assess the PAPR difference between OFDM and single carrier (potentially using higher order modulations and/or multiple parallel channels) modulations for uplink.
3.1 PAPR of a Complex Gaussian Signal

According to central limit theorem, the real and imaginary parts of the transmitted signal in OFDM and WCDMA for large number of channels (subcarriers or codes) are Gaussian distributed. Therefore, the PAPR distribution can be approximated by CCDF of the complex Gaussian signal given as:
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3.2 Quadrature Phase Shift Keying (QPSK)

The QPSK constellation is shown in Figure 7. The PAPR for QPSK can be calculated as below:
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The PAPR for a single channel QPSK is 0.0dB i.e. a constant envelope signal.

[image: image17.emf] 

A  

A  

- A  

- A  


Figure 7: QPSK constellation

The PAPR for QPSK modulation for 2, 4 and 8 parallel channels case is given in Figure 8. It can be seen that the PAPR of QPSK approaches complex Gaussian PAPR as the number of parallel channels transmitted increases.
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Figure 8: PAPR for QPSK modulation with 2, 4 and 8 parallel channels

3.3 16 Quadrature Amplitude Modulation (16-QAM)

The 16-QAM constellation is shown in Figure 9. The PAPR for 16-QAM can be calculated as below:


[image: image19.wmf]dB

A

A

PAPR

A

A

A

A

A

A

A

A

A

QAM

55

.

2

8

.

1

1

)

9

9

(

10

1

1

16

)

9

9

9

9

(

4

2

2

16

2

2

2

2

2

2

2

2

=

=

+

=

=

Þ

=

+

+

+

+

+

+

+

-


A single channel 16-QAM results in a PAPR of 2.55dB with 25% probability i.e. 4 symbols at PAPR of 2.55dB out of a total of 16 symbols.
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Figure 9: 16-QAM constellation

The PAPR for 16-QAM modulation for 2, 4 and 8 parallel channels case is given in Figure 10.
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Figure 10: PAPR for 16-QAM modulation with 1, 2, 4 and 8 parallel channels

3.4 64 Quadrature Amplitude Modulation (64-QAM)

The 64-QAM constellation is shown in Figure 11. The PAPR for 64-QAM can be calculated as below:
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A single channel 64-QAM results in a PAPR of 3.68dB with 6.25% (1/16) probability i.e. 4 symbols at PAPR of 3.68dB out of a total of 64 symbols 
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Figure 11: 64-QAM constellation

The PAPR for 16-QAM modulation for 2, 4 and 8 parallel channels case is given in Figure 12.
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Figure 12: PAPR for 64-QAM modulation with 1, 2, 4 and 8 parallel channels

Figure 13 compares Complex Gaussian CCDF with QPSK, 16-QAM and 64-QAM PAPR with 16 parallel channels. As expected for large number of channels (QAM and/or OFDM), the PAPR can be approximated with the Complex Gaussian CCDF. It is also interesting to note that the modulation order does not make much difference when the number of parallel channels is large. This indicates that once we design the system to accommodate the worse case PAPR (that of complex Gaussian signal), the number of channel used and/or modulation order does not make any difference.
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Figure 13: PAPR for QPSK, 16-QAM and 64-QAM modulations with 16 parallel channels

4 Conclusion
A capacity comparison of candidate uplink multiple access schemes based on a simple analysis is presented. We were interested in achievable gains by using an orthogonal scheme compared to the currently used non-orthogonal WCDMA scheme. Therefore, we assumed the case of a single-path flat fading channel i.e. no ISI was considered. The results show that an orthogonal multiple access scheme such as OFDMA can provide large capacity gains over a non-orthogonal uplink multiple access scheme such as WCDMA. The typical situation for uplink is going to be the case where multiple users transmit simultaneously. This is due to the use of larger bandwidths and the UE transmit power limitation. Our analysis shows capacity gains of orthogonal scheme such as OFDMA over non-orthogonal scheme such as WCDMA for 10 users case range from around 40% to over 100%. The gains result from the fact that the orthogonal scheme eliminates multiple-access interference (MAI) on the uplink. Similar conclusions can be drawn for other orthogonal multiple access schemes such as IFDMA etc.
The performance of OFDM and WCDMA in a multi-path frequency selective channel is well understood for the downlink case [6]. Similar conclusions can be drawn for multi-path frequency selective channels in the uplink as well. 

The PAPR difference between single carrier (e.g. WCDMA) and multi-carrier (OFDM) modulation decreases if multiple channels are used in single carrier (SC) case. For example, the PAPR difference between 4-channel and 2-channel 16-QAM and complex Gaussian signal (e.g. OFDM) at 0.1% is ~1dB and ~3dB respectively. The PAPR for SC in case of unequal power on different channels will be determined by the dominant channel (s) in terms of power usage. We also showed that that the modulation order does not make much difference when the number of parallel channels used is large (this is e.g. the case for OFDMA). This indicates that once we design the system to accommodate the worse case PAPR (that of complex Gaussian signal), the number of channel used and/or modulation order does not make any difference. However, this worse case PAPR (approximately 8.5dB at 0.1% point) may require significant backoff for the UE power amplifier. Therefore, techniques and/or multiple access schemes that reduce the PAPR on the uplink should be studied as part of the Evolved UTRA feasibility study.
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