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1. 
Two principal proposals have been defined for evolution of the GERAN uplink physical layer, specifically:
a) dual symbol rate (DSR), and

b) dual carrier uplink (DCU).
There has been considerable discussion of the potential benefits and drawbacks of each proposal. Comments on the feasibility of the DSR approach appear in [2]. This contribution further discusses the DCU method, and assesses how evolution of the GERAN uplink might productively move ahead, with emphasis on the compatibility objectives of Section 4.3 of the GERAN Evolution TR [1] that evolutionary concepts should “avoid impacts on existing BTS, BSC and CN hardware” and “enable use of already existing hardware and only require a software upgrade”.
2. Dual Carrier Uplink (DCU)
The dual carrier uplink (DCU) approach described in Section 7 of the GERAN Evolution TR represents an opportunity to approximately double the peak uplink data rate (the final achievable rate would depend on the possible combination of the approach with other modulation and coding methods). Critically, however, implementation of DCU remains challenging for the MS. 

MS DCU architectural impact discussions at GERAN#28 (e.g. [3][4]) centred on three approaches:
a) dual, single-carrier PA’s, driving either one of the two antennas, post-combining,
b) dual, single-carrier PA’s, with each PA coupled to one of two antennas, or
c) a single wideband PA supporting dual carriers, driving a single antenna.
Options a) and b) were observed, however, to suffer from either significant combining losses (in the case of option a) or significant reverse intermodulation (RIM) vulnerability due to inter-antenna coupling (option b) leading to likely unacceptable losses of effective PA conducted output power levels.
Consider, for example, the dual-antenna option b). Motorola’s estimate of the impact on conducted radiated power levels at the antenna connector for both GMSK and 8PSK modulation types (low band) appears in Table 1. Assuming dual PA’s are available rated at +33dBm and +27dBm for GMSK and 8PSK respectively, effective per-carrier total radiated power levels drop to +28dBm (GMSK) and +22dBm (8PSK). This analysis is consistent with that reported in [3].
In the option b) architecture, of course, the MS must also support dual PA’s – with associated thermal and mechanical impact – plus approximately 2x larger peak current drain and power consumption in the RF subsystem. This may be difficult to support in mobile devices given current and anticipated battery technologies.
	
	Units
	GMSK
	8PSK

	Single-carrier PA rated power
	dBm
	33.0
	27.0

	Composite isolator loss
	dB
	3.0
	3.0

	Post-PA filtering loss
	dB
	2.0
	2.0

	Available conducted power per PA
	dBm
	28.0
	22.0


Table 1 – Option b) effective conducted power levels at antenna connector.
The need for post-PA combining in option a) means that approach offers few advantages over option b).
This leaves option c). The restricted carrier separation method described in [4] appears inconsistent with straightforward frequency planning. If that modification is unavailable, the PA linearity and predistortion loop bandwidth requirements for option c) may exceed contemporary PA design capabilities. For example, Figure 1 shows the measured output power spectrum (i.e. power in a 30kHz bandwidth according to 3GPP TS 45.005 Section 4.2.1) as a function of total per-carrier output power for a contemporary dual-mode GSM/EDGE PA with a dual-carrier 8PSK input signal. 
Each 8PSK carrier was pseudo-randomly modulated with a carrier-specific sequence (the same sequence was applied in sequence to each burst) at carrier frequencies 
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. Also shown on the same plot are the power spectrum limits from 3GPP TS 45.005 Section 4.2.1, referenced to +24dBm. It can be seen that at the +24dBm per carrier output power level, the 3rd-order products at 
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 are suppressed by as little as 30dB with respect to the primary carriers, while 5th order products were also significant. Accordingly, such a mode of operation appears no more attractive than options a) and b).
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Figure 1 – Measured PA output spectrum, dual-carrier 
input, 1MHz carrier separation.
Figure 2, however, shows the output spectrum from the same PA when the dual-carriers were constrained to be separated by only a single ARFCN index (i.e. 200kHz). Again, the 3GPP TS 45.005 spectrum limits are plotted, referenced to the +24dBm case. 
[image: image5.wmf]-60

-40

-20

0

20

40

899.2

899.4

899.6

899.8

900

900.2

900.4

900.6

900.8

901

+18dBm

+21dBm

+24dBm

Abs. Limit (dBm)

Abs. Limit  (dBm)

Power in 30kHz Measurement Bandwidth (dBm)

Frequency (MHz)


Figure 2 – Measured PA output spectrum, dual-carrier 
input, 200kHz carrier separation.
It can be seen that in this case, while the power spectrum still exceeds the specified mask, there is significantly less adjacent channel leakage compared to the case of unconstrained carrier separation, and that the location in frequency of the non-compliant radiated power spectrum is relatively compact and predictable (largely impacting  adjacent and 1st- and 2nd-alternate carriers).
It is, of course, quite predictable that the power spectrum of a constrained dual carrier uplink is significantly worse than the single-carrier case. This is a simple function of the complex envelope trajectory and peak-average ratio of the respective baseband waveforms, as illustrated in Figure 3 and Figure 4 for the single- and dual-carrier cases. Each figure shows a) the constellation, or combined ‘constellation’ of the waveform, plus b) the peak-average ratio (PAR) distribution or cumulative density function (CDF). It can be seen that at the 99.9% CDF point, the PAR of the single-carrier waveform is approximately 3.2dB, while the dual-carrier waveform has a PAR of almost 6.1dB – i.e. approximately 3dB greater.
Figure 2 suggests, however, that – depending on the allowable power spectrum – single PA operation for dual-carrier modes where the component carriers are constrained to be frequency-adjacent could conceivably permit per-carrier radiated power levels in the range of 20-21dBm without critically impacting MS complexity or power consumption, and so constrained dual-carrier uplink (CDCU) merits further discussion.
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Figure 3 – Single-carrier 8PSK constellation and PAR CDF.
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Figure 4 – Dual-carrier 8PSK constellation and PAR CDF.
3. Base Station Architecture Impact
One of the advantages of DCU is the potential for low impact on the BTS hardware, and constrained DCU can be viewed similarly. One important consideration, however, is the effect of a continuous adjacent companion carrier on achievable per-carrier receiver CINR, and the corresponding impact on reception of logical channels requiring high signal-noise ratios (e.g. uplink PDTCH using MCS 7-9).
In more detail, constrained DCU implies that the uplink one-sided carrier to adjacent channel interference ratio 
[image: image8.wmf]/

a

CI

 input to the receiver does not exceed 0dB. Classically, 18dB of adjacent channel rejection has been assumed for GSM receivers, with contemporary GSM base stations frequently exceeding that specification. Further, the common use of interference rejection combining (IRC) and other techniques in current BTS architectures suggests greater adjacent channel interferer rejection levels are achievable in practice, provided the interferer environment is not excessively complex. It is also important to recognise, however that IRC techniques based on differentiating the spatio-temporal interferer covariance matrix from the desired waveform could be limited in the constrained DCU application since – as illustrated in the dual-port receiver model of Figure 5 – the multipath channel to the respective desired and interfering signals are identical since a single transmit antenna is used.
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Figure 5 – Conceptual dual-carrier, dual-port link.
Nevertheless, if  additional adjacent channel rejection (ACR) is required, the synchronous nature (time and frequency offset) of dual-carrier transmission can be exploited in the BTS equalizer by using dual-carrier joint detection. Note that the use of separate, per-carrier equalizer processing resources (or resources with limited inter-resource communication) in the BTS is not necessarily an obstacle here provided there are sufficient per-carrier memory and computational resources to track the trellis state of the adjacent interferer.
4. Dual Carrier Interleaving and Constrained Dual Carrier Uplink
Constraining uplink dual-carriers to be immediately adjacent in frequency also has the potential to reduce any additional frequency diversity gain achieved through intra-burst interleaving beyond that attributable to conventional frequency hopping.
Table 2 provides guidance on 
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 values (reference to the coded bit rates for GMSK and 8PSK) required to achieve 10% BLER for a TU50 channel at 850 for different combinations of single-carrier and dual-carrier intra-burst interleaving and frequency hopping.
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MCST 53 52 56 92 96
Mcs2 93 95 100 103 107
MCS3 1238 131 138 136 12
Mcs4 200 200 197 207 | 202
MCS5 84 87 91 95 99
MCS6 106 109 13 16 120
Mcs? 16.0 163 1656 164 167
MCSs 21 219 22 20 22
MCS9 27.2 271 26.0 27.0 269





Table 2 – Performance of single- and dual-carrier interleaving, 10% BLER, TU50 at 850MHz, both with no frequency hopping and with random frequency hopping over 45 contiguous carriers..
The simulation results indicate that that:
a) random frequency hopping with dual independent carriers and intra-burst interleaving can provide up to 1dB in link performance gain for some logical channels, but losses of up to 1.2dB are observed for MCS-4 and MCS-9,
b) when the dual carrier frequencies are constrained to be adjacent in frequency, the maximum gain is reduced to 0.7dB while the maximum performance loss is reduced to 1.1dB.
Accordingly, intra-burst, inter-carrier interleaving appears to offer mixed results in terms of link enhancement. Furthermore, constraining the dual carriers to be adjacent does appear to slightly reduce both the gains and losses in performance resulting from inter-carrier interleaving. Note that the case of widely separated, non-hopped carriers remains to be assessed.
5. System Frequency Re-Use Impact
The availability of sufficiently large cell allocations to support constrained DCU re-use patterns of the same dimension as traditional (3,3,9) or (4,3,12) BCCH patterns may be unlikely except in deployments with unusually rich resources. Accordingly, use of CDCU may often be limited to frequency hopping pairs. In this case, however, there is no obvious obstacle to the allocation of pairs of adjacent MAIO’s. If a radiated power level of 18-21dBm per carrier were to be achievable, then reasonable uplink coverage for higher-order MCS’s in dual-carrier configurations may be possible. Example link budgets for single- and dual-carrier MCS-9 operation assuming a target 
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 value of 25dB appear in Appendix A, Figure 6. 
6. Conclusions
The backwards compatibility constraints placed by the GERAN Evolution Technical Report (TR) on proposals for uplink physical layer enhancement means the DSR and DCU approaches currently before GERAN face significant problems. The DSR approach appears incompatible with legacy BTS architectures, while the DCU method imposes significant architectural inefficiencies on the MS.
A constrained DCU approach, where dual-uplink carriers are constrained to be adjacent in frequency using the conventional 200kHz separation either with or without inter-carrier interleaving, may offer a possible way forward. While such an approach would not be considered in any credible ‘clean sheet’ link design, and does require system planning in an adjacent  carrier pair basis, it could potentially offer:
a) single PA architectures with manageable signal bandwidths (for linearization techniques etc.), moderate or low cost and current drain impact, and radiated power levels per carrier comparable with dual-PA, dual-carrier approaches, and
b) backwards compatibility with currently deployed BTS infrastructure, offering functional, if not optimal, performance for BTS’s with moderate adjacent channel rejection (ACR) performance, and full link peak rates (including MCS 7-9) for BTS’s with good ACR.
Of course, for CDCU to be any more acceptable than DSR or unconstrained DCU, further analysis of a) MS PA architecture impact,  achievable radiated power levels, and useful uplink coverage, b) achievable BTS ACR performance, c) acceptable CDCU out of band emission requirements would be required. Further work on achievable out of band emissions is planned. 
Finally, if such a ‘compromise’ approach is not considered desirable by GERAN, then it may be necessary to revisit the BTS compatibility constraints imposed by the GERAN Evolution TR if any progress is to be made on uplink rate enhancement.
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8. Appendix A
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Logical Channel PDTCH MCS-9 PDTCH MCS-9

Carrier Configuration Single Carrier Dual Carrier kbps

MS Transmitter Parameters

Average Transmitter Power per Carrier 27.0 21.0 dBm

Cable, Connector, and Combiner Losses 0.0 0.0 dB

Transmitter Antenna Gain 0.0 0.0 dBi

EIRP per Traffic Channel 27.0 21.0 dBm

BTS Receiver Parameters

Receiver Antenna Gain 17.0 17.0 dBi

Cable and Connector Losses 3.0 3.0 dB

Receiver Noise Figure 5.0 5.0 dB

Thermal Noise Density -174.0 -174.0 dBm/Hz

Receiver Interference Density -169.0 -169.0 dBm/Hz

Coded Symbol Rate (3x270.83kbps) 59.1 59.1 dB-Hz

Ec/Nt (Ec = Coded Bit) 25.00 25.00 dB

Receiver Sensitivity -84.9 -84.9 dBm

Ancillary Parameters

Handoff or Fast Cell Selection 0.0 0.0 dB

Inter-sector Antenna Rolloff w Combining Gain -1.0 -1.0 dB

Smart Antenna Gain (e.g. beamforming) 0.0 0.0 dB

Other Diversity Gain (e.g. rx antenna diversity, MIMO) 0.0 0.0 dB

Other Gain (Vehicle or Building Penetration Loss + Body Loss) 0.0 0.0 dB

Log-Normal Fade Margin 12.1 12.1 dB

Total Gains/Margins -13.1 -13.1 dB

Pathloss Model (UMTS 30.03 Section B.1.4.1.3)

Loss (dB) = A * log10(R(km)) + B

Height BS Above Rooftop 15.0 15.0 m

Carrier Frequency 900.0 900.0 MHz

Loss Coefficient - Parameter A 37.6 37.6

Loss Offset - Parameter B 120.9 120.9

Range Computation

Maximum Path Loss 112.8 106.8 dB

Maximum Range (PL model: 128.1+37.6log10(.R) ) 0.61 0.42 km


Figure 6 – Example link budget, MCS-9 single- and dual-carrier modes.
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Link Budget

				DL		DL		DL		DL		DL		DL		UL		UL

				HSDPA		HRPDA		EUMTS		802.16e		EUMTS		EUMTS		EDGE		EDGE

		Propagation Loss Model		In-Bldg		In-Bldg		In-Bldg		In-Bldg		In-Bldg		In-Veh		In-Veh		In-Veh		Units

																8PSK		8PSK

		Logical Channel		Data		Data		Data		Data		Data		Data		PDTCH MCS-9		PDTCH MCS-9

		Carrier Configuration		920		614.4		1050		860		1730		10000		Single Carrier		Dual Carrier		kbps

		MS Transmitter Parameters

		Average Transmitter Power per Carrier		41.5		39.0		39.0		39.0		43.8		46.0		27.0		21.0		dBm

		Cable, Connector, and Combiner Losses		3.0		3.0		3.0		3.0		3.0		1.0		0.0		0.0		dB

		Transmitter Antenna Gain		17.0		17.0		17.0		17.0		17.0		17.0		0.0		0.0		dBi

		EIRP per Traffic Channel		0.0		0.0		0.0		0.0		0.0		0.0		27.0		21.0		dBm

		BTS Receiver Parameters

		Receiver Antenna Gain		0.0		0.0		0.0		0.0		0.0		0.0		17.0		17.0		dBi

		Cable and Connector Losses		0.0		0.0		0.0		0.0		0.0		0.0		3.0		3.0		dB

		Receiver Noise Figure		9.0		7.0		7.0		7.0		7.0		9.0		5.0		5.0		dB

		Thermal Noise Density		-174.0		-174.0		-174.0		-174.0		-174.0		-174.0		-174.0		-174.0		dBm/Hz

		Receiver Interference Density		0.0		0.0		0.0		0.0		0.0		0.0		-169.0		-169.0		dBm/Hz

		Interference inflation factor		0.00		0.00		0.00		0.00		0.00		0.00		0.00		0.00		dB

		Coded Symbol Rate (3x270.83kbps)		59.6		57.9		60.2		59.3		62.4		70.0		59.1		59.1		dB-Hz

		Ec/Nt (Ec = Coded Bit)														25.00		25.00		dB

		Receiver Sensitivity		0.0		0.0		0.0		0.0		0.0		0.0		-84.9		-84.9		dBm

		Ancillary Parameters

		Handoff or Fast Cell Selection		0.0		0.0		0.0		0.0		0.0		0.0		0.0		0.0		dB

		Inter-sector Antenna Rolloff w Combining Gain		-1.0		-1.0		-1.0		-1.0		-1.0		-1.0		-1.0		-1.0		dB

		Smart Antenna Gain (e.g. beamforming)		0.0		9.0		9.0		9.0		9.0		3.0		0.0		0.0		dB

		Other Diversity Gain (e.g. rx antenna diversity, MIMO)		3.0		0.0		0.0		0.0		0.0		6.0		0.0		0.0		dB

		Other Gain (Vehicle or Building Penetration Loss + Body Loss)		-10.0		-20.0		-20.0		-20.0		-20.0		-10.0		0.0		0.0		dB

		Log-Normal Fade Margin		12.1		12.1		12.1		12.1		12.1		12.1		12.1		12.1		dB

		Total Gains/Margins		-20.1		-24.1		-24.1		-24.1		-24.1		-14.1		-13.1		-13.1		dB

		Pathloss Model (UMTS 30.03 Section B.1.4.1.3)

		Loss (dB) = A * log10(R(km)) + B

		Height BS Above Rooftop														15.0		15.0		m

		Carrier Frequency														900.0		900.0		MHz

		Loss Coefficient - Parameter A														37.6		37.6

		Loss Offset - Parameter B														120.9		120.9

		Range Computation

		Maximum Path Loss		0.0		0.0		0.0		0.0		0.0		0.0		112.8		106.8		dB

		Maximum Range (PL model: 128.1+37.6log10(.R) )		0.00		0.00		0.00		0.00		0.00		0.00		0.61		0.42		km

				0		0										Notes

		Ioc_offset=Interference Offset as move away from cell edge**		0.0		0.0		0.0		0.0		0.0		0.0		0.0		dB

		I+N		0.0		0.0		0.0		0.0		0.0		0.0		0.0		dBm

		C		0.0		0.0		0.0		0.0		0.0		0.0		0.0		dBm

		C/(I+N)=Geometry=^Ior/(Ioc+Nth)		0.00		0.00		0.00		0.00		0.00		0.00		0.00		dB

		Eb/Nt		0.00		0.00		0.0		0.0		0.0		0.0		0.0		dB

		N		-99.2		-106.1		0.0		0.0		0.0		0.0		0.0		dBm

		Ioc/^Ior		0.0		0.0		0.0		0.0		0.00		0.0		0.0		linear

		C/N		0.00		0.00		0.00		0.00		0.00		0.00		0.00		linear

		N/C = Nthermal/^Ior		0.00		0.00		0.00		0.00		0.00		0.00		0.00		linear

		Number of OFDM symbols, subcarriers						18,352		18,352		18,352		18,352		18,352

				1x1		1x1		1x1		1x1		1x1		1x1		1x1

																1. Rx antenna diversity always assumed.

																2. Eb/No requirements referenced to 270.833kbps rate.

																3. Link targets for 1% referece for TU50-NFH.

																4. Diversity gains for same channel - i.e. TU50-NFH.

																5. Reference receiver is AR10-Ani.

				G = 1/(Ioc/Ior + No/Ior)		G = 1/(Ioc/Ior + No/Ior)

				G=1/(2.3+No/Ior)		G=1/(2.3+No/Ior)

								2.3				2.3		2.3		2.3

				Eb/Nt = G*Ec/Ior*PG		Eb/Nt = G*Ec/Ior*PG

				Ec/Ior*PG/(2.3+No/Ior)		Ec/Ior*PG/(2.3+No/Ior)

				(Ec/Ior * PG)/(Eb/(Ioc+No))= (2.3+No/Ior)		(Ec/Ior * PG)/(Eb/(Ioc+No))= (2.3+No/Ior)

				No/Ior =[ Ec/Ior*PG/(Eb/Nt) ] - Ioc/Ior		No/Ior =[ Ec/Ior*PG/(Eb/Nt) ] - Ioc/Ior

				0.3735787222		0.3735787222		2.6768119826		2		0.3735787222		0.5		0

				Ioc/No = 1 / [ (1 /MPR)  / ((Ioc/^Ior) * Eb/Nt)  - 1] 		Ioc/No = 1 / [ (1 /MPR)  / ((Ioc/^Ior) * Eb/Nt)  - 1] 





Ec to Eb Tables

		

		Logical Channel		Inf. Bit Payload (Bits, Eb)		Inf. Bit Rate (kbps)		Codeword Length (Bits, Ec)		Ratio Ec to Eb (dB)

		TCH/AFS 12.2		244		12.2		456		-2.7

		TCH/AFS 10.2		204		10.2		456		-3.5

		TCH/AFS 7.95		159		7.95		456		-4.6

		TCH/AFS 7.4		148		7.4		456		-4.9

		TCH/AFS 6.7		134		6.7		456		-5.3

		TCH/AFS 5.9		118		5.9		456		-5.9

		TCH/AFS 5.15		103		5.15		456		-6.5

		TCH/AFS 4.75		95		4.75		456		-6.8
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