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Precoded EGPRS2 Downlink
1 Introduction

The global success of GSM/EDGE continues with millions of new subscribers each month. Currently there are more than 500 commercial EDGE networks worldwide which means that more than 80% of the GPRS networks have now evolved to EDGE, see [1].
In Rel-7 of the GERAN specifications an evolution of the EGPRS technology was standardized by introducing several new features improving spectral efficiency, latency and peak throughput. In EGPRS phase 2, EGPRS2, an increase in timeslot throughput is achieved by defining new modulation and coding schemes, MCSs, with higher order modulation and, for some MCSs, also higher symbol rates.

The introduction of higher order modulations and higher symbol rate increases the computational complexity of the EGPRS2 receiver and makes simplifications in the equalization unavoidable. Such simplifications will typically deteriorate the receiver performance.
This document presents the new concept of Precoded EGPRS2 in DL that reduces the receiver requirements to allow for improved EGPRS2-A and 2-B performance. 
To summarize, Precoded EGPRS2;
i) Enhances EGPRS2-A and 2-B link level performance significantly.
ii) Makes the system significantly more robust to receiver and transmitter impairments.

iii) Is backwards compatible with the EGPRS2-A and 2-B modulation and coding schemes.

iv) Maintains the spectral characteristics of EGPRS2-A and 2-B.

v) Significantly reduces the computational complexity needed to demodulate EGPRS2 radio blocks.
It is expected that the computational complexity of new Precoded EGRPRS2 mobile platforms will be decreased in comparison to the computational complexity of EGPRS2 mobile platforms. Furthermore, EGPRS2 capable mobile receivers and base stations upgraded to support Precoded EGPRS2 will only experience a modest increase in computational complexity.
2 Technical background

2.1 Performance
EGPRS2-A is promising peak data rates close to 100kbps per time slot, while the peak data rates of EGPRS2-B is close to 120kbps. The performance of EGPRS2-A and 2-B is however limited by SINR, inter symbol interference and impairments. This is obvious when comparing the peak data rates with the defined requirements of 3GPP, presented in 3GPP TS 45.005 [3], and depicted in Figure 1. Hence, the full potential of EGPRS2-A and, especially, EGPRS2-B is yet to be exploited.
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Figure 1. 3GPP requirements on DAS5-DAS12 and DBS5-DBS12 presented in TS45.005, Table 2s and 2u, column TU50 (noFH) [3].
2.2 Robustness against Impairments

With the introduction of higher order modulations and higher symbol rates of EGPRS2 the receiver performance becomes more sensitive to impairments. The higher order modulations reduce the decision regions in the receiver and the increased symbol rate results in an increased inter symbol interference. 

Figure 2 shows the degradation in ideal link adaptation (LA) throughput when typical transmitter and receiver impairment models are considered in the evaluation of link level performance, see set 1 in Table 2. A similar observation was made in [4] where degradation of EGPRS2-A link level throughput due to more aggressive downlink impairment models, see set 2 in Table 2, were evaluated. It is reasonable to assume that the sensitivity of EGPRS2 towards impairments is related to the amount of inter symbol interference experienced by the receiver.
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Figure 2. EGPRS2-A and EGPRS2-B throughput degradation due to typical RX and TX impairments, see set 1 in Table 2, in DTS2 and CO channel interference scenarios respectively.
2.3 Transmitter and Receiver Complexity
The equalization of digitally modulated signals using higher order modulations is a demanding task for the receiver. The reason is that the computational complexity of the demodulator increases exponentially with size of the modulation constellation. For example, if the signal is sampled at the symbol rate, the channel model impulse response length equals
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 taps and the constellation consists of 
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 symbols then the complexity of an optimal non-linear receiver is proportional to 
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 (number of transitions in the trellis). Already in today’s 8PSK EDGE receiver, the demodulator is the most computationally complex component of the receiver chain. Given the time dispersion present in all the GSM radio channels, the use of suboptimal receiver algorithms is unavoidable. Despite many simplifications, these algorithms are still highly complex. In addition, as the order of the modulation is further increased to 16QAM and beyond, more and more simplifications are needed. Further, if the symbol rate is increased by a factor 
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, the complexity of the receiver becomes proportional to 
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. Thus, higher symbol rates require even more complex demodulators.
3 Precoded EGPRS2
3.1 Overview
Precoded EGPRS2, also denoted PC EGPRS2, introduces an Inverse Discrete Fourier Transform (IDFT) precoder module in the transmitter chain. The IDFT performs a coordinate transformation that yields as transmit basis vectors the eigenvectors of the radio channel matrix. In practice, these eigenvectors are nearly independent of the propagation environment. By a judicious application of the Discrete Fourier Transform (DFT) at the receiver, the inter symbol interference (ISI) is eliminated. As a consequence, a simple single tap signal model can be derived for each symbol individually. From this model the log-likelihood ratios, i.e. soft values, for the coded data bits are obtained. There is no need to simplify the receiver in order to compute optimum estimates of the soft values, not even for higher order modulations. Figure 3 shows the Precoded EGPRS2 linear modulator with the new IDFT Precoder highlighted.
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Figure 3. High level view of the linear modulator with DFT pre-coding.
3.2 Detailed Description
An IDFT Precoded signal model can be described as
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where 
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 is the vector representation of N transmit symbols, 
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is a unitary transformation matrix, that does not affect the power spectral density (PSD) of 
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To mitigate ISI a CP matrix
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 is typically applied to the precoded signal. The precoded signal is thereby extended with L samples, where L is determined by the length of the expected time dispersion of the radio channel.  
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Now let 
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denote a vector representation of the received signal. As the receiver applies the DFT transform matrix 
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 on the received signal, the following signal model can be derived
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 equals the radio channel impulse response matrix, which is transformed into its circular representation 
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. Note that the impact from external noise and interference is omitted in equation 3. Since the IDFT and DFT matrices transform a circular channel matrix 
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(4)
which corresponds to system of N SISO signal models, that are simple to equalize by means of an optimum Maximum A Posteriori (MAP) algorithm.

3.3 Signal Characteristics

3.3.1 Power Spectral Density

The PSD of EGPRS2-A and 2-B is defined by the Linearized GMSK pulse shaping filter. The new precoder module introduced in Precoded EGPRS2 does not alter the spectral properties of the signal. The PSD of Precoded EGRPS 2-A and 2-B is therefore fully defined by the Linearized GMSK pulse shaping filter. The figure below illustrates this by depicting the GMSK modulation spectrum requirements of [3] together with the PSD of the Precoded EGPRS2-A DAS7 MCS.
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Figure 4. 8PSK modulation spectrum requirements from [3] together with Power Spectral Density of Precoded EGPRS2-A DAS7.
3.3.2 PAPR

The Peak to Average Power Ratio (PAPR) of Precoded EGPRS2 equals approximately 9.7dB, at the effective peak factor defined at a probability of 10-4, and is practically independent of modulation. This is illustrated in Figure 5 where the PAPR Complementary Cumulative Distribution Function (CCDF) of Precoded EGPRS2-A and 2-B modulations are depicted. The PAPR CCDF was calculated, over the useful part of the burst, with random bits TSC, for 20 000 burst.
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Figure 5. PAPR CCDF of Precoded EGPRS2 modulations.
The table below summarizes the PAPR of the MCSs of EGPRS2-A and 2-B, together with PAPR of the same MCSs in Precoded EGPRS2-A and 2-B.
	MCS
	EGPRS PAPR [5]
	Precoded EGPRS2 PAPR

	DAS5-DAS7
	3.2dB
	9.7dB@10-4

	DAS8-DAS9
	4.2dB
	9.7dB@10-4

	DAS10-DAS12
	5.1dB
	9.7dB@10-4

	DBS5-DBS6
	3.3dB
	9.7dB@10-4

	DBS7-DBS9
	5.2dB
	9.7dB@10-4

	DBS10-DBS12
	5.7dB
	9.7dB@10-4


Table 1. PAPR of EGPRS MCSs and Precoded EGPRS2 MCSs.

3.4 Implementation details

3.4.1 Burst formatting

Precoded EGPR2 utilizes a cyclic prefix to mitigate ISI, as described in section 3.4.1. In the investigations presented in section 4 a CP of six or eight symbols, for Precoded EGPRS2-A and EGPRS2-B respectively, was introduced in the burst. To maintain the size of the EGPRS2-A and 2-B bursts this was done on the expense of the tail symbols. Removal of the predefined tail symbols will have an impact on the power versus time profile of the Precoded EGPRS2 burst. A solution that maintains this profile is under investigation. 
As Precoded EGPR2 typically is equalized in the frequency domain it is beneficial to spread the training sequence symbols (TSC) over the burst. Hence, the TSC is no longer located in the center of the Precoded EGPRS2 burst.
3.4.2 Blind Detection of Modulation
An MS supporting EGPRS/EGPRS2 and PC EGPRS2 is expected to be able to blindly detect the modulation type used for the currently received radio block. The modulation used by PC EGPRS2 can be signaled to the MS by means of the rotation angle of the training sequence, a procedure similar to that used in EGPRS2. Initial simulations have shown negligible performance degradations due to blind detection. 
Moreover, PC EGPRS2 is not expected to degrade the blind detection performance of MS’s supporting only EGPRS and/or EGPRS2, since a PC EGPRS2 signal resembles modulated Gaussian white noise. 
It is not foreseen that the network will need to signal the modulation type to the MS in explicit signaling manner. 
3.4.3 USF multiplexing
The scheduling of uplink transmission blocks in GPRS/EGPRS/EGPRS2 is done with the USF. With GPRS there was only one modulation used both for data block transmission and USF resulting in fully flexible scheduling of USF and radio block to different users. With the introduction of EGPRS the USF scheduling from the base station was limited in flexibility since GPRS mobiles were not able to decode USFs in 8PSK modulated radio blocks. Further restrictions were put on the USF scheduling  with the introduction of EGPRS2 modulations.
To solve this issue a modulation scheme common to both users is used, potentially decreasing payload throughput but, allowing for a flexible USF scheduling.
With the introduction of PC EGPRS2 it is expected that the same mechanism can be used.
4 Simulations
Various aspects of Precoded EGPRS2 have been studied. The following subsections summarize the findings from these studies. 
Performances of Precoded EGPRS2-A and 2-B when exposed to 

· PAPR reduction,
· Interference limited scenarios and
· Sensitivity limited scenarios

are presented in sections 4.1, 4.2.1, 4.2.3 and 4.2.2 respectively. Performance of EGPRS2-A and 2-B will be used as reference through the evaluations. Table 2 lists the most important simulation assumptions used in these evaluations.
	Parameter
	Value

	Precoded Modulation and Coding Schemes
	DAS5-DAS12, DBS7-DBS12

	Channel propagation
	TU50noFH, TU3iFH

	Interference
	Co, DTS-2, see [3]

	Tx filter
	Lin GMSK

	Frequency band
	900 MHz

	Frames
	5000

	Tx impairments
	Typical

	Rx impairments

  - Phase noise [degrees (RMS)]

  - I/Q gain imbalance [dB]

  - I/Q phase imbalance [deegreed]

  - DC offset [dB]

  - Frequency error [Hz]
	Set 1 ([2]) / Set 2 ([4]) 
1.0           / 1.5
0.2           / 0.2
1.5           / 1.5
-40           / -
25            / -


Table 2. Simulation assumptions.
4.1 PAPR Reduction 

There is a considerable difference between the PAPR of EGPRS2 and Precoded EGPRS2, as shown in Table 1. To reduce the PAPR of Precoded EGPRS2 the compression method presented in [6] was applied on the modulated and pulse shaped Precoded EGPRS2 signal. As Precoded EGPRS2 is robust to impairments, the Precoded signal tolerates considerable levels of PAPR reduction, with controlled degradation in link level performance. The achieved compression levels for Precoded EGPRS2-A and 2-B are depicted in 
Figure 6
 and summarized in Table 4. Note that QPSK modulation has not been considered in 
Figure 6
 and Table 4, and is left for further studies. However, since QPSK is a robust modulation the compression method is expected to significantly lower the PAPR of Precoded EGPRS2-B QPSK modulated MCSs.
[image: image29.png]PAPR CCDF

——— PC EGPRS2A3204M PAPR 6508
——— PC EGPRS2A 150AM PAPR 508
——— PC EGPRS248PSK PAPR 3908
PC EGPRS25 320AM PAPR 7 518
PC EGPRS28 160AM PAPR 5 708

5 5 7 8 8 10
PAPR [46]




Figure 6. PAPR CCDF of compressed Precoded EGPRS2 modulations.
	MCS
	EGPRS PAPR [5]
	Precoded EGPRS2 PAPR
	Compressed Precoded EGPRS2 PAPR

	DAS5-DAS7
	3.2dB
	9.7dB@10-4
	3.9dB@10-4

	DAS8-DAS9
	4.6dB
	9.7dB@10-4
	5dB@10-4

	DAS10-DAS12
	5.1dB
	9.7dB@10-4
	6.8dB@10-4

	DBS5-DBS6
	3.3dB
	9.7dB@10-4
	FFS

	DBS7-DBS9
	5.2dB
	9.7dB@10-4
	5.7dB@10-4

	DBS10-DBS12
	5.7dB
	9.7dB@10-4
	7.6dB@10-4


Table 3. PAPR of EGPRS MCSs, Precoded EGPRS2 MCSs and compressed Precoded EGPRS2 MCSs.

The performance of Precoded EGPRS2-A and 2-B compressed MCSs to the levels of Table 3 are depicted in Figure 7 and Figure 8 together with the performance of Precoded EGPRS2-A and 2-B MCSs without compression. It can be observed that the applied compression only introduces minor degradation in link level performance. It should be noted that only the MCS with highest code rate for each modulation is shown. Thus, smaller degradations are seen in the full throughput envelope. DAS12 and DBS12 MCSs are as expected most vulnerable to the introduced compression. 
[image: image30.png]DataBLER

5 PC DAST, Inps set

4 — Compressed PC DAST, Imps sett

—E—PC DASS, Inps set

—+ — Compressed PC DASS, Inps sett

—E—PC DAS12, Imps1

—+ — Compressed PC DAS12, Inpst

B

SNR [dB]





Figure 7 Performance of compressed Precoded EGPRS2A MCSs, in a sensitivity limited scenario, TU3iFH , impairment set 1, see Table 2.
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Figure 8 Performance of compressed Precoded EGPRS2B MCSs, in a sensitivity limited scenario, TU3iFH , impairment set 1, see Table 2
The PSD of the Precoded signal is not affected by the utilized compression method. This is illustrated in Figure 9, where the 8PSK modulation spectrum requirements of [3] together with the PSD of a compressed Precoded EGPRS2-A DAS7 MCS is depicted. DAS7 is of interest since it is exposed to the most aggressive PAPR reduction of 5.8dB.
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Figure 9. 8PSK modulation spectrum requirements of [3] together with PSD of compressed Precoded EGPRS2-A DAS7.
4.2 Link level performance
4.2.1 Reference receiver performance
Performance of EGPRS2-A and 2-B is used as reference in the evaluations of Precoded EGPRS2. Figure 10 depicts the performance of the EGPRS2-A and 2-B reference receivers used through the simulations, together with the required performance as given by [3]. It can be concluded that the performance of the reference receivers meets the established requirements found in [3].
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Figure 10. Ideal LA throughput envelope of EGPRS2-A and 2-B (TU50noFH) reference receivers, with 3GPP requirements [3].

4.2.2 Interference performance

The performance of Precoded EGPRS2 when exposed to interference and typical impairments models, as presented in [2] for the transmitter and receiver set 1 and in [4] for receiver set 2, are depicted in Figure 11, Figure 12 and Figure 13.
EGPRS2-A has been evaluated both in CO-channel and DTS2 interference scenarios, while EGPRS2-B was evaluated in a CO-channel interference scenario.
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Figure 11. Ideal LA throughput envelope for Precoded EGPRS2-A, (CO-channel, TU3iFH) using impairment set 1 and 2. EGPRS 2-A performance depicted as reference.
Figure 11 shows that Precoded EGPRS2-A with impairment set 1 provides significant increase in throughput over a wide range of C/I, with the largest gains of up to 5 dB seen at C/I of 15 to 30dB.  With more aggressive impairment models, set 2 in Table 2, the gains are further increased with Precoded EGPRS2-A due to the noticeable reduction in EGPRS2-A throughput while Precoded EGPRS2-A is unaffected. 
Precoded EGPRS2-A has also been compared with EGPRS2-A in the DTS2 multi interferer scenario, see Figure 12. The gains for Precoded EGPRS2-A are of the same order of magnitude as in Figure 11.
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Figure 12. Ideal LA throughput envelope of Precoded EGPRS2-A (DTS2, TU3iFH) using impairment set 1 and 2. EGPRS2-A performance is shown as reference.
In Figure 13 EGPRS2-A and 2-B performance is shown using impairment set 1. It can be seen that EGPRS2-A and 2-B are similar in performance, see Figure 10 for comparison with specification requirements, while Precoded EGPRS2-A and 2-B show significant gains in most C/I regions. Further it can be seen that Precoded EGPRS2-B will experience larger gains compared to Precoded EGPRS2-A since the elimination of inter symbol interference is more evident for the higher symbol rate MCSs.
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Figure 13. Ideal LA throughput envelope of Precoded EGPRS2-A and 2-B (CO-channel, TU3iFH) using impairment set 1. EGPRS2-A and 2-B performances are shown as reference.
4.2.3 Sensitivity Performance
As shown in Section 4.1 it is possible to significantly reduce the PAPR of Precoded EGPRS2. Figure 14 and Figure 15 visualizes the impact on coverage with Precoded EGPRS2 compared to EGPRS2, taking into account the backoff levels presented in Table 4, derived from Table 3. Note that no backoff was considered for MCS1-MCS4 and DBS5-DBS6 in Figure 14 and Figure 15 or any other MCS not using precoding.
	MCS
	PC EGPRS Backoff

	DAS5-DAS7
	0.7dB

	DAS8-DAS9
	0.4dBs

	DAS10-DAS12
	1.7dB

	DBS5-DBS6
	FFS

	DBS7-DBS9
	0.5dB

	DBS10-DBS12
	1.9dB


Table 4. Power backoff utilized for Precoded EGPRS2-A and 2-B MCSs.
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Figure 14. Ideal LA throughput envelope of Precoded EGPRS2-A (sensitivity, TU3iFH, with backoff) using impairment set 1. EGPRS 2-A performance (without backoff) depicted as reference.
[image: image38.png]Throughput [kpbs/TS]

120

100

il

60

0

Eil

—+—EGPRS2B, Imps set 1
—+—PC EGPRS2B, Imps set 1

5 10 15

Eil
SNR [dB]

E3

Eil

E3

0




Figure 15. Ideal LA throughput envelope of Precoded EGPRS2-B ( sensitivity, TU3iFH, with backoff) using impairment set 1. EGPRS 2-B performance (without backoff) depicted as reference.
5 Discussion

5.1 Performance

With the introduction of a Precoder in the EGPRS2 transmitter chain inter symbol interference can practically be eliminated, and robustness against impairments due to imperfections in the receiver and transmitter is improved, while maintaining the spectral properties of the signal.

At SINR levels typically experienced in a live GSM/EGPRS network Precoded EGPRS2 promises an increase in throughput with up to 20kbps/TS for level A while even larger gains is observed for level B, which corresponds to throughput gains up to 30% for level A and up to 50% for level B. This is illustrated for Precoded EGPRS2-A and Precoded EGPRS2-B in Figure 16 below, derived from results depicted in Figure 12 and Figure 13. 
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Figure 16. PC EGPRS2-A and 2-B throughput gains in DTS2 and CO channel interference scenarios respectively using impairment set 1.
5.2 Robustness against Impairments

As stated in Section 2 it is reasonable to assume that the sensitivity towards impairments of EGPRS2 is related to the level of inter symbol interference experienced by the receiver. As Precoded EGPRS2 is practically free from inter symbol interference the technique shows a robustness against both receiver and transmitter impairments. Figure 17 presents the sensitivity towards impairment set 1 of Precoded EGPRS2 and EGPRS, previously shown in Figure 2. It can be concluded that Precoded EGPRS2 performs significantly better than EGPRS when impairments are considered.
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Figure 17. Throughput degradation using impairments set 1 for EGPRS2 and Precoded EGPRS2.

5.3 PAPR Reduction
When deriving the compression levels presented in Table 3 uniform compression levels were derived for each modulation, while the code rates of the individual MCSs were not considered. Hence, all MCSs utilizing the same modulation will be compressed equally. Since it is obvious that MCSs with a lower code rate can tolerate higher compression levels, it is desirable to determine an individual compression level for each MCS. This approach is for further studies, as it is expected that it will lower the PAPR of Precoded EGPRS2 further. 

5.4 Estimation of system level gains

From the ideal link adaptation throughput envelopes of Section 4.2 it is seen that Precoded EGPRS2 provides consistent throughput gains in most SINR regions for all investigated scenarios. 

To estimate the possible increase of system throughput when introducing Precoded EGPRS2 C/I traces have been collected from network simulations. The C/I ditributions are for two different re-use scenarios and are shown in Figure 18.
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Figure 18. C/I distributions from 3/9 re-use (left) and 1/1 re-use (right) network simulation.

The distributions have been used to calculate throughput CDFs for the different scenarios. The results, based on performance from Figure 12 for PC EGPRS2-A and Figure 13 for EGPS2-B, are depicted in Figure 19. From Figure 19 it can be concluded that the expected system gains of PC EGPRS2-A and 2-B will be considerable in real networks. 
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Figure 19 Throughput distributions given the C/I distributions of Figure 18
5.5 Transmitter and Receiver Complexity
In Precoded EGPRS2 the computational complexity in the transmitter is slightly increased due to the introduction of the precoder module in the modulator. However, as inter symbol interference is eliminated, it is feasible for the receiver to equalize each symbol individually in a MAP estimator. The computational complexity of this task is moderate and, in contrast to EGPRS, practically independent of the radio channel impulse response length. The computational complexity needed to equalize a Precoded EGPRS2 radioblock is thus considerable lower than the complexity required to equalize an EGPRS2 radioblock.

To conclude;

· The computational complexity of new Precoded EGRPRS2 mobile platforms will be decreased in comparison to the EGPRS2 mobile platforms.

· EGPRS2 capable mobile receivers and base stations that are upgraded to support Precoded EGPRS2 will experience only a modest increase in computational complexity. 

6 Conclusions

The new concept of Precoded EGPRS2 has been introduced that;

i) Enhances EGPRS2-A and 2-B link level performance significantly.

ii) Makes the system significantly more robust to receiver and transmitter impairments.

iii) Is backwards compatible with the EGPRS2-A and 2-B modulation and coding schemes.

iv) Maintains the spectral characteristics of EGPRS2-A and 2-B.

v) Significantly reduces the computational complexity needed to demodulate EGPRS2 radio blocks

At SINR levels typically experienced in a live GSM/EGPRS network Precoded EGPRS2 promises throughput gains up to 30% for level A and up to 50% for level B. As Precoded EGPRS2 maintains the spectral characteristics of GSM, and the increase in link level throughput is consistent over a wide range of C/I values, it is likely that the average increase in system level throughput will be comparable with the average increase in link level throughput. 

It is expected that the computational complexity of new Precoded EGRPRS2 mobile platforms will be decreased in comparison to the EGPRS2 mobile platforms, while already EGPRS2 capable mobile receivers and base stations that are upgraded to support Precoded EGPRS2 will experience only a modest increase in computational complexity.

It is proposed to start a study item for Rel-10 to study the potentials of Precoded EGPRS2 further.
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