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1. Introduction
High symbol rate (HSR) modulation for HUGE and RED-HOT may need an alternative pulse shaping filter, other than the legacy linearised GMSK pulse.  New pulses for 8PSK and 16QAM have been proposed for HUGE and RED-HOT [1]

 REF _Ref169856688 \n \h 
[2]

 REF _Ref169856690 \n \h 
[3].  The idea is to increase the bandwidth of pulse shaping filter to yield better link performance and better PAR (peak-to-average power ratio) for HSR modulation.  As reported in [4], the design of new Tx pulse for HSR must consider various factors including spectrum property, link performance, PAR performance, and implementation complexity.  It is shown in [4] that many pulse shaping filters under study will violate the EDGE 8PSK frequency mask, thus generate higher adjacent channel interference.  The detailed analysis on the interference is provided in this contribution.  The interference levels for various pulses are presented to evaluate the ACI performance of pulse shaping filters.  A new pulse design is proposed with numerical approach.  
2. Analysis of adjacent channel interference
Adjacent channel interference (ACI) is the power leakage from adjacent frequency channels due to imperfection of transmission, including PA nonlinearity, transmit and receiving filters, and other factors.  Sometimes ACI is also referred as adjacent channel leakage.  This section will discuss the impact of pulse shaping design on ACI.  Other imperfection in the transmission and receiving chain will not be included for simplification.
Given a pulse shaping filter p(t), the baseband transmitting signal can be represented as 
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where T is the symbol duration and {xn} are transmitting symbols.  Let the signal s(t) be the adjacent channel interference with a frequency offset
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.  The complex baseband signal with shifted frequency will be
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At the receiver side, let q(t) be the impulse response of the Rx filter.  The channel impulse response is h(t).  The received ACI due to s(t) after Rx filter is
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where 
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indicates time convolution.  The power spectrum density of the interference ra(t) becomes [5]
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where P(f) and Q(f) are fourier transforms of p(t) and q(t), respectively, and H(f) is the channel frequency response.  The variance of transmitting symbols is 
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.  Based on the power spectrum density, the total interference power after the receiving filter q(t) due to the adjacent channel signal s(t) is
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This ACI equation can provide the interference power level given Tx/Rx filters and frequency offset of the adjacent channel.  Usually the channel response H(f) changes slowly within a GSM 200kHz band.  We assume H(f) constant within a GSM band to evaluate the interference level. 

The baseline interference level is the case with the linearised GMSK filter, used in the current EDGE networks.  The Tx filter p(t) is the linearised GMSK pulse, and the Rx filter q(t) is also the linearised GMSK pulse for match receiver.  The adjacent channel power leakage ratio can be calculated as 
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, for 200kHz frequency offset, and 
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for 400kHz offset.
Several pulse shaping filters are considered, including the legacy linearised GMSK pulse, the linearised GMSK pulse with rate 325kps, the various Hanning windowed RRC pulses with 200kHz, 240kHz, and 325kHz bandwidth.  Other properties of these pulses have been discussed in [4].  Also we introduce a new pulse shaping filter which will be discussed later.

There are two scenarios to be investigated.  The first scenario is the case when Tx filter is one of the new pulse shaping filters under study and the Rx filter is the legacy linearised GMSK one.  The interference impact to the existing GMSK/EDGE networks due to the introduction of new pulse shaping for HSR will be evaluated in this scenario.  The second scenario is used to evaluate the interference impact to the new MS or BTS due to the new HSR pulse shaping, where the Tx and Rx filters will be one of the new shaping filters.
The adjacent channel leakage ratio of the first scenario is summarized in Table 1 based on the derived ACI equation.  For the baseline performance, with 200kHz frequency offset, the adjacent channel leakage ratio 
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is 18.5dB.  When a new pulse is applied in the adjacent channel, the leakage ratio will be reduced due to the increased adjacent channel interference.  For example, shown in Table 1, when the Hanning windowed RRC pulse with 325kHz bandwidth is used, the leakage ratio becomes 6.9dB at 200kHz frequency offset, indicating of 11.6dB degradation of original baseline 18.5dB.  This means that the ACI level increases 11.6dB from its original level.  This large increase of interference level will have some significant impact on the existing GSM/EDGE network when this new pulse shaping is applied.
Table 1   Adjacent Channel Leakage Power Ratio of Scenario 1

[image: image12.wmf]Scenario 1: w/ legacy Rx filter  (dB)

P0/Pa @ 200kHz

P0/Pa @ 400kHz

Diff @200kHz

Diff @400kHz

Linearised GMSK w/ LSR (baseline)

18.5

60.7

0

0

Linearised GMSK w/ HSR

15.1

51.2

-3.4

-9.5

Hanning RRC w/ 200kHz bandwidth

15.7

61.3

-2.8

0.6

Hanning RRC w/ 240kHz bandwidth

12.3

54.8

-6.2

-5.9

Hanning RRC w/ 325kHz bandwidth

6.9

45.8

-11.6

-14.9

new pulse w/ HSR

15.6

54.4

-2.9

-6.3


Among the five new pulses listed in Table 1, the Hanning RRC with 200kHz bandwidth has the least ACI increasing of 2.8dB compared to the legacy Linearised GMSK filter, for a 200kHz offset adjacent channel.  The new pulse filter introduced later in this contribution has a ACI increasing of 2.9dB, indicating a close ACI performance to the 200kHz bandwidth RRC filter.  When the RRC bandwidth increases, its interference level will increase accordingly.  
Table 2 shows the interference ratio for Scenario 2, for the ACI impact of new BTS or MS with HSR modulation.  This table is the indication of ACI performance when all MS use one of new pulse shaping filters.  Note that the 
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of the RRC filter with 325kHz bandwidth is 4.2dB, which is an increase of 14.3dB ACI compared to the baseline ACI level.  Based these two tables, it can be concluded that a wider pulse in spectrum will generate larger adjacent channel interference, and the degradation dB depends on the bandwidth and the choice of pulse. 
Table 2   Adjacent Channel Leakage Power Ratio of Scenario 2
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P0/Pa @ 200kHz

P0/Pa @ 400kHz

Diff @200kHz

Diff @400kHz

Linearised GMSK w/ LSR (baseline)

18.5

60.7

0

0

Linearised GMSK w/ HSR

12.7

47

-5.8

-13.7

Hanning RRC w/ 200kHz bandwidth

13.3

78.1

-5.2

17.4

Hanning RRC w/ 240kHz bandwidth

8.4

64.1

-10.1

3.4

Hanning RRC w/ 325kHz bandwidth

4.2

24.8

-14.3

-35.9

new pulse w/ HSR

13.2

58

-5.3

-2.7


Apparently the ACI level will increase when a new pulse shaping filter is used for HSR.  The question remains that how much the increasing of ACI will be tolerated in current EDGE network without significant impact on the performance.  The answer to this question is directly related to the selection of the right pulse shaping filter for HSR.  Usually we select the pulse with minimal impact on ACI at 200kHz offset.  From Table 1 and Table 2, the three pulse shaping filters: linearised GMSK with HSR, RRC with 200kHz, and the new pulse with HSR have the best performance of adjacent channel interference.
3. Design of New Pulse Shaping Filter

For high symbol rate modulation, the Hanning windowed RRC filters may not the optimal filters based on our study.  As shown in Table 1 and Table 2, the RRC filter with 325kHz bandwidth will have large adjacent channel interference impact.  The RRC filter with 200kHz bandwidth probably will suffer link performance degradation due to limited bandwidth.  An optimal filter may be needed to meet the requirements for HSR modulation.
Based on numerical optimization approaches similar to [6], a new pulse shaping filter for HSR can be obtained.  The PSD of the filter is shown in Figure 1.  
The design criterion of the new pulse is based on the current EDGE 8PSK frequency mask.  The time duration of the pulse is 5 symbols.  Its distinct property is the sharp decreasing to meet the mask requirement.  Its ACI performance is listed in Table 1 and Table 2.
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Figure 1   PSD of a New Pulse Shaping Filter

4. Spectrum Mask for HSR
Many proposed pulse shaping filters for HSR will violate the EDGE 8PSK spectrum mask, as shown in [4].  The power spectrum density of the RRC pulse with 325kHz bandwidth has significant portion outside the spectrum mask.  The RRC pulse with 240kHz and the linearised GMSK pulse are close to the spectrum mask, but their transmitting signal will violate the spectrum mask due to modulation and other potential imperfections.  Current linearised GMSK filter can be used for HSR to meet the mask requirement; however, HSR modulation may suffer performance degradation due to the limited Tx filter bandwidth.  Since the current EDGE 8PSK spectrum mask cannot serves as the guidance for HSR pulse shaping design, it remains a question on whether a relaxed spectrum mask is needed for HSR.

A relaxed spectrum mask will define tolerable adjacent channel interference level; thus it will be easier to design a pulse shaping for HSR without much justification on ACI.  On the other side, this relaxation will cause concerns on the network design and spectrum compliance.  Particularly for GSM channels at both ends of an allocated GSM bandwidth, the spectrum mask must be strictly followed to meet the spectrum requirement.
One possible solution would be the introduction of two spectrum masks.  The original GSM/EDGE mask is used for GSM channels at both ends of the allocated bandwidth.  For other GSM channels, a relaxed spectrum mask for HSR modulation is used to reflect the tolerance of increased ACI levels in the current GSM/EDGE network.  A new pulse for HSR can be defined based on the relaxed spectrum mask.  Two pulse shaping filters will coexist for HSR modulation based on the two spectrum masks.    
5. Conclusions
Adjacent channel interference (ACI) of transmit pulse shaping filters for HSR modulation is discussed in this conclusion.  An analytic equation is derived to calculate ACI levels of various pulse shaping filters, including linearised GMSK filter, Hanning windowed RRC filters, and a new proposed filter.  Numerical results of ACI are provided to illustrate the interference impact to the existing network with various HSR filters under study.  A new pulse shaping filter with good ACI performance is proposed based on a numerical approach.  
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