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1. Introduction
One of the objectives of the FDD HSPA evolution study item is to identify solutions for improving spectral efficiency in the existing 5MHz bandwidth. In [1-4], it is suggested that use of Higher Order Modulations (HOMs) is a promising means of improving uplink peak data rate.  This contribution numerically assesses the impact of 16QAM on the link-level throughput performance, while taking into account practical impairments such as channel estimation error and UE transmitter EVM. 
2. Simulation Parameters
The MCS levels used in the simulations are listed in Table 1, and the other simulation assumptions are listed in Table 2.  In our simulations, we have two MCS levels that are based on QPSK modulation and two other MCS levels that are based on 16QAM.  Note that these MCSs are selected for the purpose of illustrating the utility of 16QAM modulation only – in practice a large set of MCSs would be required. Furthermore, we have assumed a 2SF4+2SF2 code allocation for all the MCSs studied here, where the actual channelisation codes used are Cch,4,1 and Cch,2,1. 
	MCS Level
	Modulation
	Coding Rate
	SF
	Data  Rate (Mbps)

	1
	QPSK
	0.33
	4,2
	1.9

	2
	QPSK
	0.69
	4,2
	4.0

	3
	16QAM
	0.55
	4,2
	6.3

	4
	16QAM
	0.95
	4,2
	11


Table 1: MCS Table. Code allocation for all MCSs is 2SF2+2SF4.
	Simulation Parameter
	Value

	E-DCH TTI
	2 ms 

	Modulation
	BPSK/16QAM

	Hybrid ARQ
	Chase

	Max number of Tx
	4

	Channels
	Ped A  (3km/h)

Veh A (30 km/h)

	Receiver
	Type 3

	Channel estimation
	Pilot (Averaged over 1 slot)

	Pilot/TFCI/FBI/TPC
	8/0/0/2

	Inner-Loop PC
	On, step size 1dB

	PC delay and error
	1 slot, 4%

	No. of  node-B antennas
	2

	Beta values
	βc =0.4667, 1.16 
βec = 0.233,  
βed  = 1.16

	EVM
	0%, 17.5% 


Table 2: Simulation Parameters. Note βed  = 1.16 are for SF=4 codes. The  βed  of SF=2 codes are chosen such that  post-equalizer symbol SNRs are the same for SF=4 and SF=2 codes.
3. Simulation Results

3.1. Throughput curves with no impairments
We first present throughput curves assuming ideal channel estimation and no UE transmitter EVM, to establish the performance upper bound for the link analysis under consideration. To this end, the throughput hull curves for the Ped A 3km/h channel and Veh A 30km/h channel are presented in Figure 1 below. Note that in the x-axis, the Ec/Nt is defined as average received SNR of the overall UL waveform. It is observed that for both channel configurations, the 16QAM-based MCSs start to provide a higher link throughput at an Ec/Nt around 3-5 dB. Furthermore, the peak rate of 11Mbps is achievable at Ec/Nt=12 dB for the Ped A 3km/h channel and at around Ec/Nt= 15 dB for the Veh A 30km/h.   

Although the utility of 16QAM modulation is verified from these link-level performance results, link-level simulation does not provide insight into how often the UE will be operating at these high Ec/Nt values necessary for the 16QAM to be beneficial.  In a network setting, the noise Nt comprises the interference from all UE UL traffic in both the serving cell and all neighboring cells. Therefore, even an Ec/Nt of 3dB – which is the operating point at which 16QAM benefits commence – will likely indicate either the UE is very close to the Node-B, or that the uplink network load is light. Furthermore, the impact of UE PA limitations such as maximum UE radiation power, as well as PA backoff due to CM requirement, is not captured in this type of link simulation. A practical system-level study is therefore needed to provide comprehensive answers to these questions.
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Throughput Hull Curve, Ped A 3km/h, PC on, PC delay 1 slot.
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Throughput Hull Curve, Veh A 30km/h, PC on, PC delay 1 slot.

Received Ec/Nt per antenna (dB)

Throughput (Mbps)

TBS #1, QPSK  1.9Mbps

TBS #2, QPSK 4.0 Mbps

TBS #3, 16QAM 6.3 Mbps

TBS #4, 16QAM 11Mbps


Figure 1: Link throughput hull curves. Beta values are βc =0.4667, βec = 0.233,  βed  = 1.16. No EVM modeled. Ideal channel estimation.
3.2. Impact of channel estimation

In this section, we assess the impact of channel estimation error on the link performance, while still assuming no UE transmitter EVM. The channel estimation algorithm used one slot averaging.
In Figure 2, we reproduce the link results using the same set of simulation assumptions as those used for Figure 1, except for the inclusion of Node-B channel estimation error. Comparing Figure 1 and Figure 2, it is observed that for Ped A channels, the loss due to channel estimation error is modest for the first 3 MCSs, and is about 2-3 dB for the final MCS with the rate of 11 Mbps.  On the other hand, for the Veh A channel the impact of channel estimation error is much more pronounced for the two 16QAM MCSs under consideration, as MCS 3 suffers about 2-3 dB loss compared against Figure 1, and MCS 4 fails to reach any reasonable BLER operating point.  
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Throughput Hull Curve, Veh A 30km/h, PC on, PC delay 1 slot.
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Figure 2: Link throughput hull curves. Beta values are βc =0.4667, βec = 0.233,  βed  = 1.16. No EVM modeled. Practical channel estimation.
The poor link performance of 16QAM MCSs in the Veh A channel is largely due to two factors. First, the Veh A channel has a much longer delay spread than the Ped A channel, and thus a higher channel estimation error due to self-interference between different channel taps. One can of course improve channel estimation performance, for example by allocating more DPCCH power.  For each MCS and each mulitpath channel structure, a process such as the one described in [4] can be used to find the optimal E-DPDCH/DPCCH power ratio -- and thus a better set of beta values. Here, due to time limitation, we illustrate the necessity of higher pilot power for 16QAM by setting  βc =1.16, while keeping the other two beta values the same at βec = 0.233,  βed  = 1.16.  The link throughput curves with these new set of beta values are shown in Figure 3 below.
It can be observed that with the enhanced pilot power, the loss due to channel estimation error in the case Ped A channel becomes negligible (compared to Figure 1), even for the highest MCS. On the other hand, in the case of Veh A channel, the loss is still significant for the two 16QAM MCSs, and the peak data rate of 11 Mbps cannot be achieved even at an exceptionally high Ec/Nt of 20dB per antenna. 
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Figure 3: Link throughput hull curves. Beta values are βc =1.16, βec = 0.233,  βed  = 1.16. No EVM modeled. Practical channel estimation.
3.3. Impact of EVM

We further include UE transmitter EVM. In this study we used the current minimum requirement in TS 25.101 [5], which is 17.5% EVM for the existing QPSK modulation.  Link-level simulation results that include both practical channel estimation error and 17.5% EVM impairment are presented in Figure 4 below.  The beta values are chosen to be the same as those used in Figure 3, which provides higher pilot power to 16QAM modulation. Furthermore, the results of 0% EVM -- while keeping all other simulation conditions the same -- are included for comparison in Figure 4 (shown as a dashed line).  The impact of EVM is negligible for QPSK-based MCS 1 and MCS 2. The additional loss due to EVM is most significant in the 16QAM-based MCS 4, where for Ped A 3km/h channel the additional loss is up to 5 dB, and for Veh A 30km/h case MCS 4 provides lower throughput than MCS3 for the whole Ec/Nt range of interest.  Therefore, more stringent EVM specification is likely needed in order to achieve a rate that is beyond the 6.3Mbps achieved by MCS3. 
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Throughput Hull Curve, Veh A 30km/h, PC on, PC delay 1 slot.
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Figure 4: Link throughput hull curves. Beta values are βc =1.16, βec = 0.233,  βed  = 1.16. EVM =17.5%. Practical channel estimation. The dashed curves included for comparison are for EVM =0%, while all other parameters remain the same.
4. Conclusions
Detailed link simulations are presented to evaluate the benefit of 16QAM on the HSPA uplink. The impact of practical impairments such as channel estimation error and UE transmitter EVM are included in the study.  We conclude the following from the results:
· With ideal channel estimation and 0% EVM, 16QAM-based MCS’s start to provide a higher link throughput at an Ec/Nt of 3-5 dB. A peak rate of 11Mbps is achievable at Ec/Nt=12 dB for the Ped A 3km/h channel, and at Ec/Nt= 15 dB for the Veh A 30km/h channel. Network-level simulation is required to complete the understand of the distribution of Ec/Nt. 
· Channel estimation error has a larger impact on 16QAM-based MCSs, and hence higher pilot power is needed for 16QAM-based MCSs.  Even with higher pilot power, the peak rate of 11 Mbps cannot be achieved for the Ec/Nt range of interest (up to 20 dB), for  the Veh A 30km/h channel. 

· With the 17.5% EVM in the spec, and for the limited set of MCS’s considered here, the achievable transmission rate cannot go beyond 6.3 Mbps. Thus, a tighter EVM requirement would be needed to fully take advantage of the peak rate of 11 Mbps promised by 16QAM. 8PSK operation represents a potential alternative.
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