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1. Introduction

OFDM is currently one of the physical layer air interface technologies being considered for the downlink of an evolved UTRAN. This document suggests various considerations that should be taken into account when evaluating the potential of an OFDM downlink. One of the points emphasized here is the need to consider the potential of advanced OFDM(A) schemes, such as those based on frequency-dependent channel quality information (CQI). This document also proposes that the value of physical layer harmonization between wireless standards should be taken into account in designing the evolved UTRAN multiple access parameters. We note that although this document focuses on the downlink, many of the points raised here apply equally to the uplink.
2. Downlink Multiple Access Scheme Considerations

It is well known that OFDM provides bandwidth allocation flexibility, which increases deployment scenario options and adds a degree of freedom in optimizing per-user spectral resources. OFDM also has good complexity characteristics; it both scales favorably for larger bandwidths and extends well for MIMO-based reception. Several other important considerations that should be taken into account when evaluating the potential use of OFDM for the downlink are:
1. Potential of Advanced OFDM Schemes:  Past 3GPP studies on the potential for OFDM were limited to “textbook” OFDM [1]. Consequently, some of the potential spectral efficiency available from OFDM was not fully investigated. References [2-4] proposed more advanced OFDM(A) schemes, but these contributions focused on the technical proposals and did not provide the associated throughput gain results. These types of techniques offer significant throughput gains, illustrated in the next section, and should be considered in evaluating the OFDM downlink. These schemes should also be considered in conjunction with MIMO, to fully exploit OFDM spectral efficiency potential. 
2. Stand-Alone Operation: To maintain deployment flexibility, the system should be designed to enable stand-alone operation. In other words, a frequency band based on evolved UTRAN should be able to be deployed without requiring a 3G or 2G carrier at the same site.

3. Support for Half-Duplex Mode: Half-duplex mode is a desirable feature, easily supported by an OFDM-based system. Providing for half-duplex operation by the handset (e.g., potentially lower-end handsets) enables cost and size reduction for the RF front end. This is particularly important for the evolved UTRAN, since RF front end complexity increases with the number of frequency bands to support – which are expected to grow in the future. An additional benefit of supporting half-duplex mode is that it facilitates increased harmonization between FDD and TDD type systems.
Another point that should be given due consideration when designing the downlink multiple access scheme, is the potential value of harmonizing basic parts of the scheme with existing wireless standards. We address this issue in Sec. 4.

3. Advanced OFDM
Text-book OFDM can be improved in a number of different ways. Here we focus on a simple scheme involving per-bin (i.e., frequency-dependent) scheduling with optimal per-bin MCS (Modulation & Coding Scheme) selection. In this scheme, for each user the Node B chooses out of a pool of N users to transmit data to the user whose SNR/CQI at that bin is highest. In addition, the optimal MCS is also selected per bin. Although not considered here, further improvements are possible, such as by varying the transmit power per bin based on the frequency-dependent CQI. Also, while this document focuses on the downlink, advanced uplink techniques based on frequency-dependent CQI can also increase throughput and spectral efficiency.
In Figures 1.a-3.a, we show the throughputs obtained with the above advanced scheme as well as with the conventional text-book OFDM used in [1]. For convenience we also present the throughput gains of the advanced scheme relative to the conventional approach in Figures 1.b-3.b. We consider Pedestrian A, Pedestrian B and Vehicular A channels (as in [1]). We simulated max-SNR scheduling for the text-book OFDM case, (where the SNR is averaged over all frequencies), and we assumed 30 users (N=30) for scheduling. Additional simulation assumptions can be found in Appendix A. We note that for flat fading channels, the advanced OFDM(A) scheme collapses to the text-book OFDM of [1] and provides no additional gains. Thus, the gains for the Pedestrian A channel are smallest. 

For the rich multipath channel cases, namely Pedestrian B and Vehicular A channels, very large SNR gains are seen, i.e., 4-5 dB in the SNR regions of most interest. This translates to significant potential throughput gains, as seen in the figures, particularly in the low to moderate SNR regions where throughput improvements are needed most. For example, gains of 50-60% and more are seen for SNRs up to around 5 dB, a region which covers around 65% of the cell users according to the typical Geometry Factor distribution in a cell [5]. 

As was pointed out in [2]-[4], the more advanced OFDM schemes require accurate channel quality feedback from the active UE to the Node-B scheduler. However, the amount of traffic needed for ideal feedback is very high and expensive. Some initial suggestions were made in [2]-[4] regarding sub-optimal feedback schemes that could reduce cost and such sub-optimal schemes should be studied further.  

4. Harmonization for Basic OFDM Physical Layer

In designing a downlink OFDM physical layer, important consideration should be given to harmonizing with existing wireless standards where it makes sense. This can enable re-use between wireless standards of major building blocks in both the digital baseband and analog/RF domains, leading to economy of scale and cost-efficient solutions. In addition, it simplifies development and evolution of the standards in the areas of similarity. Of course, it should be stressed that such harmonization only makes sense where it does not limit performance for the cellular environment and where it does not increase complexity. 

There can be quite a number of good choices for the basic OFDM parameters to be used in the evolved UTRAN that will support the different bandwidth requirements of [6]. In Appendix B we propose two sets of OFDM parameters, Sets A & B, which enable large similarity to the IEEE OFDMA standard’s [7] settings, e.g. the FFT block sizes are identical and the OFDM clock frequencies are close to within a fraction of a percent. The parameters suggested here in no way limits the flexibility to optimize the new LTE physical layer for the cellular environment. In fact, as shown in Appendix C the parameters suggested here are very similar in all relevant aspects to those proposed in [1]. 

We note that although this document focuses on the downlink, the parameters proposed here are equally appropriate for the uplink. In fact, harmonizing the uplink with the downlink where possible also is beneficial and should be considered when designing the multiple access schemes for evolved UTRAN. Harmonizing the two links would enable a degree of re-use of the baseband building blocks and would simplify development and continued evolution of the physical layer. Using OFDM on both the uplink and downlink would also benefit potential unpaired spectrum TDD operation, where the per-frequency channel quality information is known by both links and can be exploited by advanced OFDM schemes as described above.
5. Conclusion
This document has highlighted certain considerations that should be taken into account in evaluating downlink multiple access scheme proposals. In particular, the importance of evaluating OFDM in conjunction with advanced OFDM schemes was highlighted. Simulation results were offered illustrating significant potential downlink throughput gains when utilizing frequency-dependent scheduling and frequency-dependent optimal MCS selection. In addition, it was noted that many of these advanced techniques can provide benefits for the uplink as well, and should also be considered in the uplink evaluation.

We have also emphasized the value of harmonizing parts of the multiple access schemes for evolved UTRAN with other wireless standards, where possible. Basic OFDM-based system parameters that would work well for both the uplink and downlink were presented and compared to previous 3GPP OFDM downlink parameter assumptions. These parameters would provide significant similarity to the IEEE OFDMA standard, enabling cost-efficient reuse of RF/analog and baseband building blocks and improving economy of scale. Furthermore, the benefits of harmonizing both the uplink and downlink should be taken into consideration, which include the enabling of reuse of building blocks and the simplification of the UTRAN development/evolution path going forward.
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Appendix A: Advanced OFDM Simulation Assumptions

The simulation assumptions are based on Appendix A.1.1 in [1]. The simulation assumptions used to generate the results are listed in Table 1. 

	Parameter
	Explanation/Assumption

	OFDM-CPICH power
	10%

	Power for other common channels
	10%

	Power for HSDPA data transmission
	80%

	Channel/Timing estimation
	Ideal

	MIMO configuration NT:NR
	1:1

	Channel width
	5 MHz

	Number of subcarriers
	512

	OFDM sampling frequency
	5MHz

	FFT size
	512

	Subcarrier power levels
	Equal Power

	CQI Feedback
	Ideal


Table 1: Simulation assumptions
Appendix B: Proposed OFDM Scheme Parameters
Below are listed two proposed sets of basic OFDM parameters, Sets A & B. The difference between these sets is that in Set B a larger guard interval is used corresponding to deployment scenarios that require large cells. As can be seen from these tables, the FFT size and clock frequencies are scaled in proportion to the system bandwidth in order to guarantee that the guard interval and carrier separation are maintained for all system bandwidths. Also, the OFDM symbol rate and the number of OFDM symbols per TTI is kept constant, which aids in simplifying the receiver implementation.

We note that in [6], a system bandwidth of 15Mhz is discussed as an additional possible deployment option. Since 15Mhz is not a power of 2 multiple of the other bandwidths, the FFT size that should be used according to Tables 2 & 3 is either 1024 (corresponding to the 10MHz deployment) or 2048 (corresponding to the 20MHz deployment). This set-up is FFS.

Table 2: Reference OFDM configuration parameter Set A

	Parameters
	Bandwidth 1 
	Bandwidth  2
	Bandwidth 3
	Bandwidth

4
	Bandwidth

5

	System bandwidth (MHz)
	1.25 
	2.5
	5
	10
	20

	TTI duration (msec)
	2 
	2
	2
	2
	2

	FFT size (points)
	128
	256
	512
	1024
	2048

	OFDM sampling rate (Msamples/sec)
	1.44
	2.88
	5.76
	11.52
	23.04

	Ratio of OFDM sampling rate to UMTS chip rate
	3/8
	3/4
	3/2
	3
	6

	Guard time interval (cyclic prefix) (samples/μsec)
	9/6.25

10/6.9

(NOTE1)
	18/6.25

20/6.9

(NOTE1)
	36/6.25

40/6.9

(NOTE1)
	72/6.25

80/6.9

(NOTE1)
	144/6.25

160/6.9

(NOTE1)

	Subcarrier separation (kHz)
	11.25
	11.25
	11.25
	11.25
	11.25

	# of OFDM symbols per TTI 
	21
	21
	21
	21
	21

	OFDM symbol duration (μsec)
	95.13/95.83
(NOTE2)
	95.13/95.83
(NOTE2)
	95.13/95.83
(NOTE2)
	95.13/95.83
(NOTE2)
	95.13/95.83
(NOTE2)

	# of useful subcarriers per OFDM symbol 
	66
	177
	400
	844
	1733

	OFDM bandwidth (MHz)
	0.9504
	1.99
	4.5
	9.496
	19.496

	# of useful sub-carriers per TTI
	1386
	3717
	8400
	17724
	36393

	NOTE1: Requires extra prefix sample for 6 out of  7 OFDM symbols

NOTE2: Depending on guard interval duration


Table 3: Reference OFDM configuration parameter Set B

	Parameters
	Bandwidth 1 
	Bandwidth  2
	Bandwidth 3
	Bandwidth 

4
	Bandwidth 

5

	System bandwidth (MHz)
	1.25 
	2.5
	5
	10
	20

	TTI duration (msec)
	2 
	2
	2
	2
	2

	FFT size (points)
	128
	256
	512
	1024
	2048

	OFDM sampling rate (Msamples/sec)
	1.44
	2.88
	5.76
	11.52
	23.04

	Ratio of OFDM sampling rate to UMTS chip rate
	3/8
	3/4
	3/2
	3
	6

	Guard time interval (cyclic prefix) (samples/μsec)
	16/11.1
	32/11.1
	64/11.1
	128/11.1
	256/11.1

	Subcarrier separation (kHz)
	11.25
	11.25
	11.25
	11.25
	11.25

	# of OFDM symbols per TTI 
	20
	20
	20
	20
	20

	OFDM symbol duration (μsec)
	100
	100
	100
	100
	100

	# of useful subcarriers per OFDM symbol 
	66
	177
	400
	844
	1733

	OFDM bandwidth (MHz)
	0.9504
	1.99
	4.5
	9.496
	19.496

	# of useful sub-carriers per TTI
	1320
	3540
	8000
	16880
	34660


Appendix C: Comparing Proposed OFDM Parameters with Those of [1]

Below we compare the two sets of OFDM parameters proposed here (Sets A & B) to those proposed in [1], referred to there as Set 1 and Set 2. We do so for the particular choice of 5MHz system bandwidth as this was the main focus of [1]. However, the results apply similarly to other bandwidths. 
Basic OFDM parameters

For convenience, the basic OFDM numbers for all four sets are summarized in Table 4 below.   

Table 4: Basic OFDM parameters for Sets 1& 2 of [1] and the proposed Sets A & B

	Parameters
	Set 1 
	Set 2 
	Set A
	Set B

	TTI duration (msec)
	2 
	2
	2
	2

	FFT size (points)
	512
	1024
	512
	512

	OFDM sampling rate (Msamples/sec)
	7.68
	6.528
	5.76
	5.76

	Ratio of OFDM sampling rate to UMTS chip rate
	2
	17/10
	3/2
	3/2

	Guard time interval (cyclic prefix) (samples/μsec)
	56 / 7.29                 57 / 7.42(NOTE1)
	64/9.803
	36/6.25

40/6.9(NOTE3)

	64/11.1

	Subcarrier separation (kHz)
	15
	6.375
	11.25
	11.25

	# of OFDM symbols per TTI 
	27
	12
	21
	20

	OFDM symbol duration (μsec)
	73.96/74.09(NOTE2) 
	166.67
	95.13/95.83(NOTE2)
	100

	# of useful subcarriers per OFDM symbol 
	299
	705
	400
	400

	OFDM bandwidth (MHz)
	4.485 
	4.495
	4.5
	4.5

	# of useful sub-carriers per TTI
	8073
	8460
	8400
	8000

	NOTE1: Requires one extra prefix sample for 8 out of  9 OFDM symbols

NOTE2: Depending on guard interval duration

NOTE3: Requires four extra prefix sample for 6 out of  7 OFDM symbols


As one can see, the sub carrier separation, the OFDM symbol duration and the total number of sub carriers per TTI of Sets A & B are between the corresponding values of Sets 1 & 2. Also, the guard interval of Set A is shorter by about 1uSec than that of Set 1, and the guard interval of Set B is larger by about 1.5uSec than the corresponding value of Set 2. Overall, Schemes A & B should provide very similar performance to those of Sets 1 & 2.

3.2 Implementation Complexity

Comparing Set A to Set 1, we see that Set A requires 21 FFT(512) operation per TTI whereas Set 1 requires 27 such operations. While, as pointed out in [1], there could be quite a few different implementation tradeoffs, all in all the above numbers could translate to a potential complexity reduction of about 30% (corresponding to the factor 27/21) of Set A compared to Set 1.

Comparing Set B to Set 2 is more complex as the FFT sizes are different. Set B requires 20 FFT(512) operations per TTI, whereas Set 2 requires 12 FFT(1024) operations. While fundamentally the FFT complexity is roughly proportional to N*Log[N], we can at least state that there is no reason that Set B will end up being more complex to implement than Set 2.
3.3. Spectral Emission Masks 

Another important comparison factor is the spectral purity of the resulting OFDM scheme. Following the approach of [1], we show in Figure 4 the spectral characteristics of the four OFDM schemes as well as the UMTS spectral emission mask of [8] for a 43dBm transmit power. For Sets A & B we used the windowing function of [1] with Nw=20 samples (as in Set 1 of [1]). As can be seen, all four sets meet the spectral requirements of [8], with Set A being slightly better than Set 1 and Set B better than Set 2.
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Figure 4: OFDM Spectrum (@ 43dBm)



















Fig 3.a Throughput curves for the Pedestrian A channel. 





Fig 3.b Throughput gains for the Pedestrian A channel using per-bin scheduling and per-bin MCS selection.





Fig 2.a Throughput curves for the Vehicular A channel.





Fig 2.b Throughput gains for the Vehicular A channel using per-bin scheduling and per-bin MCS selection. 





Fig 1.a Throughput curves for the Pedestrian B channel. 





Fig 1.b Throughput gains for the Pedestrian B channel using per-bin scheduling and per-bin MCS selection.
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