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1 
Introduction
Scalable UMTS (S-UMTS) is a technique that allows deployment of WCDMA and HSPA in bands as narrow as 2.5 or 1.25 MHz and therefore allows refarming of e.g. GSM spectrum to the spectrally more efficient WCDMA. A study item for this topic was opened in the plenary of December 2013 [1]. In this contribution we briefly discuss the potential optimizations for the RRC filter when narrower bandwidths than 5 MHz are used.
In RAN1#76 initial analysis on RRC filter design principles was presented in [4], and in this contribution we further elaborate on the RRC filter design impact on PAR. The sections 2-4 are unchanged from [4], and the PAR CCDF analysis in section 5 is a new section.

2 
Background
Figure 1 represents a simplified communications system whose input signal is a digital signal that needs to be filtered for transmission and reception. Root raised cosine filters are built in a way such that the frequency response is the squared root of the raised cosine filter: 
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Figure 1: Simplified view of a WCDMA communication system

For simplicity, let us assume that signals B and C are identical and channel has no impact. It can be observed that the signal at point D has been obtained from signal A, which has been RRC filtered twice. The overall effect is that we have a raised cosine filtered signal at point D. 

The frequency response of an ideal RRC is the following:
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where Ts is the symbol period of the digital input signal and α is called roll-off factor ϵ [0,1]. Figure 2 compares the frequency response of RRC filters with different roll-off factors.
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Figure 2: Frequency response of an ideal RRC filter for different roll-off values

The occupied or confined bandwidth BWc referring to the beginning of the stop band is given by:
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Where Rs is the bandwidth of the input signal that we want to filter. It can be seen that a smaller roll-off factor yields a steeper filter; hence, the confined bandwidth of the signal is smaller and since the frequency spectrum is limited, it is desirable to occupy small bandwidths. On the other hand, it is not possible to implement filters with roll-offs very close to zero with moderate compu​tational effort. Furthermore, filtering has impact on the signal properties as the peak to average power ratio (PAR). In order to keep the prices of handsets in a reasonable range and to allow operators making use of the spectrum in an efficient way, this roll-off value has to be chosen carefully.

When WCDMA was defined around the year 2000 the preliminary draft of WCDMA was targeting to operate at a chip rate of 4.096 Mcps. The carrier confined bandwidth was planned to be 5MHz and hence the required roll-off factor was set according to a rearrangement of equation (3):
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Later on, it was decided to adapt the chip rate of WCDMA to 3.84 Mcps for compatibility reasons with CDMA2000, but the original roll-off was kept at 0.22, so no additional effort was spent there. This solution allows having very relaxed filters since the carrier confined bandwidth was kept as 5MHz.
3GPP TS25.101 defines the transmit pulse shape filter for WCDMA as follows:

The transmit pulse shaping filter is a root-raised cosine (RRC) with roll-off =0.22 in the frequency domain. The impulse response of the chip impulse filter RC0(t) is:
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Where the roll-off factor =0.22 and the chip duration is 
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3 
Classical RRC roll-off assessment

A classical RRC filter roll-off assessment for a given signal rate is done as follows:

1. 
Decide on the desired confined bandwidth

2. 
Calculate roll-off as confined bandwidth / signal rate -1

3. 
Find the RRC filter meeting the desired numbers.

As shown in (4), for example for 4.096 Mcps signal rate and 5 MHz confined bandwidth the resulting roll-off factor is 0.22, or 22%
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Figure 3: Roll-off assesment principle, Roll-off = BWcs/Rs -1
With  (3) in WCDMA the actual confined bandwidth is 1.22 * 3.84 MHz = 4.68. For S-UMTS the confined bandwidth becomes:
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Table 1: confined bandwidth for WCDMA and S-UMTS for roll-off factor of 0.22

	N
	Rs/N [Mcps]
	BWc [MHz]

	1
	3.84
	4.68

	2
	1.92
	2.34

	4
	0.96
	1.17


A roll-off factor of 0.22 provides a rather generous roll-off. For even better spectrum utilization lower factors could be considered. For example for N=2 S-UMTS and confined bandwidth of 2.1 MHz the resulting roll-off factor is 0.09375.
4 
RRC filter study – 5 MHz UMTS
A more efficient methodology for designing the RRC filter could be considered, where smaller roll-off factors than the ones obtained using equation (5) are used. The main motivation for this is the sharp corners at the edges of BWc (note in Figure 2, roll-off=0.2, sharpness at 0.6 cycles) caused by the classical methodology making it difficult to achieve high attenuation at the edge of the stop band. If a smaller roll-off factor is used, the corner will get inside the pass band and much better attenuation at the edge of the stop band is more easily achieved.  To illustrate this a few different 87-tap FIR designs are shown. 87 taps is considered as a reasonable number of taps. The resulting filters have different pass band and stop band characteristics, leading to different confined bandwidth, stop band attenuation and deviation from the ideal RRC shape.
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Figure 4: Confined BW: 4.8 MHz @45dB stop-band attenuation, EVM contribution 0.06%

Figure 4 shows the ideal RRC shape and the shape of an impulse response, truncated at 87 taps. Though the truncated filter has a very low EVM contribution, it suffers from low stop band attenuation. Furthermore, the confined bandwidth is quite large, compared with the chip rate of the signal.

Assuming a confined bandwidth of 4.2 MHz, the roll-off according to the classic assessment under step 2 will be α = 4.2/3.84-1 = 9.375%. Figure 5 provides the truncated impulse response for this lower roll-off factor.

[image: image12.emf]-4 -3 -2 -1 0 1 2 3 4

x 10

6

-120

-100

-80

-60

-40

-20

0

20

FIR design for 87 taps, rolloff = 9.4%

Frequency (Hz)

Gain (dB)

 

 

ideal RRC

finite RRC


Figure 5: Confined BW: 4.23 MHz @37dB stop-band attenuation, EVM contribution 0.09%

Still the EVM contribution is very low, but stop-band attenuation is not tolerable. An equiripple approach will solve this issue at the cost of introducing more pass-band ripple and hence increasing the EVM contribution. The result is visible in Figure 6.
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Figure 6: Confined BW: 4.20 MHz @50dB stop-band attenuation, EVM contribution 2.71%

Now the target for the confined BW is reached, but stop-band attenuation is too low and EVM contribution is too high. 

A further improvement  may look like impossible without spending more taps or giving up on confined bandwidth, but there is an option shown in Figure 7.
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Figure 7: Confined BW: 4.2 MHz @54dB stop-band attenuation, EVM contribution 1.77%

A reduction of roll-off below the classic assessment improves both, stop-band attenuation and EVM contribution. The confined bandwidth is not adapted to this new roll-off, but rather kept at 4.2 MHz. The optimum for that improvement is around α = 5.5%, which is illustrated in Figure 8. Table 2 provides an overview for different roll-off factors.
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Figure 8: Confined BW: 4.2 MHz @63dB stop-band attenuation, EVM contribution 0.56%

Table 2: Stop-band attenuation and EVM contribution for RRC filters with different roll-off and 87 taps
	Roll-off factor (%)
	Confined BW (MHz)
	Stop-band attenuation (dB)
	EVM contribution (%)

	9.375
	4.2
	50
	2.71

	8
	4.2
	54
	1.77

	7
	4.2
	57
	1.20

	6
	4.2
	61
	0.71

	5.5
	4.2
	63
	0.56

	5
	4.2
	61.5
	0.68


5 PAR CCDF investigations
This chapter provides some information about the impact of filtering on PAR.

Theoretical investigations can easily proof that steeper filtering increase the PAR at the filter output for constant envelope modulation schemes on a single carrier or code. This low PAR signal type often occurs in UL operation. Since additional PAR is critical for the UL coverage, steeper filters with lower roll-off are not appreciated here.

However, this proof does not hold for multi-carrier or multi-code signals, which are typical for DL operation. DL signals are more approaching Gaussian signal statistics and inhere already a higher PAR than above mentioned low PAR UL signals. Because bare theoretical investigations are difficult on DL related signals, simulation results are presented for studying the impact of filter steepness on PAR.

TM1_64

TM1 is widely used to simulate well distributed signal statistics. This becomes obvious, when the small deviation from the CCDF of an AWGN signal is observed in Figure 5‑1. After filtering with an RRC filter with roll-off = 0.22, the peak power slightly increases, e.g. by about 0.4 dB at a probability of 10-4. This is visible in Figure 5‑2. However, for lower roll-off factors there is no further increaseetectable. The corresponding CCDFs can be found in Figure 5‑3 to Figure 5‑6.
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Figure 5‑1: CCDF of an unfiltered signal from TM1_64. Note the small difference to the AWGN (black dashed line), which represents a Gaussian distributed signal.
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Figure 5‑2: CCDF of RRC filtered TM1_64, roll-off = 0.22
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Figure 5‑3: CCDF of RRC filtered TM1_64, roll-off = 0.09375
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Figure 5‑4: CCDF of RRC filtered TM1_64, roll-off = 0.09375 with equiripple optimization
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Figure 5‑5: CCDF of RRC filtered TM1_64, roll-off = 0.08 with equiripple optimization
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Figure 5‑6: CCDF of RRC filtered TM1_64, roll-off = 0.055 with equiripple optimization
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Figure 5‑7: CCDF of unfiltered and RRC filtered TM1_64 with different roll-off

As a summary, which is presented in Figure 5‑7, signal power distribution does not show any effect on roll-off.

TM3_32

TM3 is known to have a higher than usual PAR due to correlation effects between the channels. This can be observed from the large difference to the CCDF of an AWGN signal, which is shown in Figure 5‑8.

After filtering with an RRC filter with roll-off = 0.22, the peak power increases, e.g. by about 0.8 dB at a probability of 10-4. This is visible in Figure 5‑9. However, for lower roll-off factors there is no further increase detectable. The corresponding CCDFs can be found in Figure 5‑10 to Figure 5‑13.

[image: image23.emf] 

0 2 4 6 8 10 12

10

-4

10

-3

10

-2

10

-1

10

0

TM3_32, unfiltered.

CCDF

P/Pavg [dB]


Figure 5‑8: CCDF of an unfiltered signal from TM3_32. Note the larger difference to the AWGN (black dashed line), which represents a Gaussian distributed signal.
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Figure 5‑9: CCDF of RRC filtered TM3_32, roll-off = 0.22
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Figure 5‑10: CCDF of RRC filtered TM3_32, roll-off = 0.09375
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Figure 5‑11: CCDF of RRC filtered TM3_32, roll-off = 0.09375 with equiripple optimization
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Figure 5‑12: CCDF of RRC filtered TM3_32, roll-off = 0.08 with equiripple optimization
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Figure 5‑13: CCDF of RRC filtered TM3_32, roll-off = 0.055 with equiripple optimization
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Figure 5‑14: CCDF of unfiltered and RRC filtered TM3_32 with different roll-off

As a summary, which is presented in Figure 5‑14, signal power distribution does not show any effect on roll-off. Only the unfiltered signal has about 0.8dB lower peak power compared to all filtered signals at a probability of 10-4.

6 Conclusions
The question of RRC filter design and the confined bandwidth for N=2 and N=4 S-UMTS was brought up. A careful assessment of the RRC filter design is required for a suitable balance between the time and frequency domain properties of the filter. It should be noted that in the downlink the tighter RRC filter does not lead to any noticeable impact on transmitter PAR.
The methodology for designing the RRC filter for S-UMTS could be enhanced from the classical approach and the confined bandwidth used in the filter design could be reduced from the nominal 2.5 MHz and 1.25 MHz for N=2 and N=4 respectively.
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