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1 Introduction

In RAN1 LS [1], RAN4 is asked to indicate the number of 15 kHz sub-carriers that may be occupied on the uplink in DFT-S-OFDM blocks and on the downlink in OFDM symbols in the 5 MHz spectrum allocation case such that the respective UE and Node B UTRA spectral masks given in [2] and [3] may be satisfied. 

In this contribution, we show the downlink and uplink spectral occupancy for different numbers of occupied sub-carriers. We assume non-ideal high power amplifier (HPA) and image rejection filtering with a reasonable number of coefficients and impulse response duration. In downlink, in addition to filtering, time windowing is also needed in order to satisfy the spectrum mask.

For both downlink and uplink, we consider four values for the number of occupied sub-carriers. These values differ from each other by the number of sub-carriers to cope with DC offset at different UE camping positions [6]. They also differ by the number M of sub-carriers per resource block/unit using either E-UTRA SI numerology (M=25) or a modification to E-UTRA SI numerology (M=24) which has been proposed during last RAN1 Ad Hoc meeting in June 2006 [8].

These four different numbers are compared in terms of required output back off (OBO) for up- and down-links and time windowing size for downlink only, so as to respect the UTRA spectrum mask.

We conclude that both downlink and uplink 5 MHz spectrum masks can accommodate 303 sub-carriers spaced from each other by 15 kHz.
2 Downlink spectral occupancy

We consider the four following values for the number of occupied sub-carriers in a 5 MHz bandwidth:

· 289: 12*24 modulated sub-carriers plus 1 null DC sub-carrier

· 291: 12*24 modulated sub-carriers plus 3 null sub-carriers to cope with DC offset

· 301: 12*25 modulated sub-carriers plus 1 null DC sub-carrier

· 303: 12*25 modulated sub-carriers plus 3 null sub-carriers to cope with DC offset

In downlink, we assume that a high-quality HPA is employed in Node Bs. Therefore, we evaluate the spectrum occupancy using a Rapp model with knee factor p=8. Its AM/AM characteristic is close to an ideal clipper (see Figure 1). It does not introduce AM/PM distortion. Up-sampling with factor 4 is performed using an image rejection filter with a Kaiser window (37 coefficients, beta parameter equal to 5). Thus, the filtering introduces an additional delay of 0.59 us, which is not prohibitive compared to the cyclic prefix duration (4.69 us). This filter models both digital and analogue filters which would be present in an actual UE transmitter.
In order to satisfy the downlink spectrum mask, time windowing must be applied on OFDM symbols before filtering. Time windowing mitigates non-linearities between the last sample of an OFDM symbol and the first sample of the following symbol. However, time windowing results in additional delay spread of the equivalent channel, just as filtering (digital and analogue). 

In Figures 2, 3, 4 and 5, we see the spectrum occupancy when all resource units are allocated to a same user, with 289, 291, 301 and 303 occupied sub-carriers respectively. The Node B total transmit power is 43 dBm . Raised cosine time windowing is applied. The output back off and the time windowing size are jointly optimised in order to satisfy the downlink spectrum mask [3]. Table 1 summarizes the required OBO and time windowing size for the different numbers of sub-carriers. A reduction of the size of the resource block from 25 to 24 does not impact OBO significantly. However, a reduction of 4 samples of the time windowing size is obtained. When adding 2 sub-carriers to handle DC offset result, at most two additional samples of time windowing are needed.

	Nb occupied sub-carriers
	289
	291
	301
	303

	OBO (dB)
	-9
	-9
	-9.01
	-9.06

	RC time windowing size
	18
	18
	22
	24


Table 1: Required OBO and time windowing size to satisfy the 5 MHz DL spectrum mask.
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	Figure 1: AM/AM distortion of the Node B high power amplifier 

(Rapp model, p=8).
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	Figure 2: OFDMA signal spectrum (5 MHz bandwidth) for 289 occupied sub-carriers.

	[image: image3.wmf]0

5

10

15

x 10

6

-50

-40

-30

-20

-10

0

10

20

30

Frequency (Hz)

Power Spectrum (dBm/30kHz)

no HPA

HPA

UMTS mask

DL: 290 sub-carriers + DC - QPSK

37 coef. filter (Kaiser window)

18 coef. RC time windowing

Rapp HPA (p=8)

IBO = -9 dB

OBO = -9 dB

ACLR(5 MHz) = -51.02 dB



	Figure 3: OFDMA signal spectrum (5 MHz bandwidth) for 291 occupied sub-carriers
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	Figure 4: OFDMA signal spectrum (5 MHz bandwidth) for 301 occupied sub-carriers
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	Figure 5: OFDMA signal spectrum (5 MHz bandwidth) for 303 occupied sub-carriers


A previous contribution [4] has studied the effect of raised cosine time windowing on performance and spectral occupancy. The number of occupied sub-carriers was 286 with 15.75 kHz sub-carrier spacing. Thus, the bandwidth spanned by the occupied sub-carriers is very close to the one obtained with current parameters (301 sub-carriers with 15 kHz spacing). Taking 10 dB margin for RF degradations, it was shown that a windowing with duration 3.5 us is necessary to satisfy the spectrum mask. However, it was also shown that 70% of the raised cosine time windowing could overlap with the cyclic prefix, even with 64-QAM modulation. In other words, if a cyclic prefix duration TCP is required without time windowing for a given channel delay profile, a duration TCP + 0.3Twin is required to obtain similar performance with a time windowing of duration Twin.

Besides, in contribution [5], it was shown that a cyclic prefix duration of 3-5 us is required for accommodating delayed paths. 

In the current set of parameters, the cyclic prefix duration is 4.69 us. Filtering introduces 0.59 us delay (some coefficients may probably have a negligible impact on inter-symbol interference). 30% of time windowing represents 0.94 us with 24 samples. Thus, with 303 sub-carriers, at least 3.16 us remains to handle delayed paths and time synchronization errors. We call this duration effective guard period. With 289, 291 and 301 sub-carriers, we dispose of an effective guard period of at least 3.4 us, 3.4 us and 3.24 us respectively in order to handle delayed paths and time synchronization errors. 

Even if the effective guard period is close to the lower bound in [5], having 301 or 303 occupied sub-carriers seems feasible. Furthermore, reducing the size of resource blocks (in frequency domain) from M=25 to M=24 to obtain 289 or 291 occupied sub-carriers does not provide significant increase of effective guard period. Finally, adding 2 sub-carriers to cope with DC offset does not reduce significantly the effective guard period (at most 0.08 us reduction).

3 Uplink spectral occupancy

We consider the four following values for the number of occupied sub-carriers in a 5 MHz bandwidth:

· 288: 12*24 modulated sub-carriers

· 291: 12*24 modulated sub-carriers plus 3 null sub-carriers to cope with DC offset

· 300: 12*25 modulated sub-carriers

· 303: 12*25 modulated sub-carriers plus 3 null sub-carriers to cope with DC offset

In uplink, we assume UEs with low-cost HPA. Therefore, we evaluate the spectrum occupancy using a Rapp model with knee factor p=2 (AM/AM characteristic in Figure 6). Up-sampling with factor 4 is performed using the same image rejection filter as for downlink. Time windowing is not necessary.
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	Figure 6: AM/AM distortion of the UE high power amplifier 

(Rapp model, p=2).


In Figures 7, 8, 9 and 10, we see the spectrum occupancy when all resource units are allocated to a same user, with 288, 291, 300 and 303 occupied sub-carriers respectively. The UE total transmit power is 24 dBm. The output back off is set in order to satisfy the uplink spectrum mask [2] and obtain at least –33 dB of adjacent channel leakage ratio (ACLR) for a 5 MHz LTE signal centred on a carrier frequency separated by 5 MHz from the current carrier frequency. Table 2 summarizes the required OBO for the different numbers of sub-carriers. A reduction of the size of the resource block from 25 to 24 only provides a 0.3 dB gain in OBO. 

	Nb occupied sub-carriers
	288
	291
	300
	303

	OBO (dB)
	-4.8
	-5.5
	-5.1
	-5.78


Table 2: Required OBO to satisfy the 5 MHz UL spectrum mask and ACLR = -33 dB.

The price paid for adding 3 null sub-carriers to handle DC offset is an OBO loss of 0.7 dB. This loss is not negligible. However, it is shown in [7], that the DC offset results in a strong performance loss for small payloads, when no null sub-carriers are inserted in the uplink signal structure. This loss, which impacts the resource unit including the Node B central sub-carrier, is summarized in Table 3 for different levels of RX DC offset compared to the total received power. With direct conversion in the Node B receiver, the residual DC offset power after DC offset cancellation techniques may be 20 dB below the total receive power. At this level, the degradation for a resource unit of M=25 sub-carriers is equal to 2.5 dB. This loss is higher than the OBO loss brought by null sub-carriers. Even when the UE transmits on 3 resource units (RUs), the performance degradation is still equal to 0.7 dB.

	DC offset

	
	No
	-30 dB
	-25 dB
	-20 dB
	-15 dB

	M=25, 1 RB 
	8.2 dB
	8.3 dB
	8.6 dB
	10.7 dB
	Not possible

	M=25, 2 RBs 
	7.6 dB
	7.7 dB
	7.9 dB
	8.7 dB
	Not possible

	M=25, 3 RBs
	7.3 dB
	7.4 dB
	7.5 dB
	8.0 dB
	Not possible

	M=25, 4 RBs
	7.2 dB
	7.2 dB
	7.4 dB
	7.7 dB
	9.7 dB


Table 3: Required SNR to achieve 10-1 FER with DC offset, convolutional code ½, QPSK, 6-tap TU channel.
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	Figure 7: SC-FDMA signal spectrum (5 MHz bandwidth) for 288 occupied sub-carriers.
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	Figure 8: SC-FDMA signal spectrum (5 MHz bandwidth) for 291 occupied sub-carriers

	[image: image9.wmf]0

5

10

15

x 10

6

-70

-60

-50

-40

-30

-20

-10

0

10

Frequency (Hz)

Power Spectrum (dBm/30kHz)

no HPA

HPA

UMTS mask

DL: 300 sub-carriers - QPSK

37 coef. filter (Kaiser window)

No time windowing

Rapp HPA (p=2)

IBO = -4.65 dB

OBO = -5.1 dB

ACLR(5 MHz) = -33.06 dB



	Figure 9: SC-FDMA signal spectrum (5 MHz bandwidth) for 300 occupied sub-carriers
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	Figure 10: SC-FDMA signal spectrum (5 MHz bandwidth) for 303 occupied sub-carriers


4 Summary

In this contribution, we show that it is feasible to occupy 303 sub-carriers spaced from each other by 15 kHz (introduced null sub-carriers included) for both uplink and downlink EUTRA communication within 5 MHz spectrum allocation. We perform filtering with a Kaiser window (over-sampling factor = 4, 37 coefficients) in order to comply with spectrum requirements and ACLR constraints. Results show that an OBO equal to –5.78 dB in uplink and –9.05 dB in downlink is required. A raised cosine time windowing of size 24 samples is also needed in downlink, which results in an effective guard period greater than 3.16 us to handle multiple paths. 

Compared to the existing set of parameters as specified in RAN1, adding two sub-carriers in downlink to cope with DC offset does not provide significant OBO loss and effective guard period reduction. Adding three sub-carriers in uplink to cope with DC offset results in a non negligible OBO loss of 0.7 dB. However, without these null sub-carriers, the loss due to DC offset interference is even higher.
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