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1. Introduction
It is generally known that direct conversion (zero IF) transmitters and receivers can introduce significant distortion on the baseband signal components near zero Hz, such as the DC subcarrier of an OFDM system. This is already addressed on the DL with the inclusion of an unused DC subcarrier in the numerology. On the uplink, there is currently no unused DC subcarrier, and distortion including unsuppressed carrier feed-through from all the active UEs in the uplink will be present at the Node-B. 

This contribution considers DFT-SOFDM numerology (e.g., 25.814 v2.0.0) and how to minimize DC distortion effects on decoded FER.  The impact of the DC distortion on the power de-rating (CM, PAPR) is also investigated. Results indicate that reducing the number of subcarriers in the RB to be very small (e.g., 12) severely degrades performance of a 1RB allocation and it may be desirable to make a minor revision to the uplink numerology to better support direct conversion architectures.
2. Summary

Three configurations are tested (5MHz) as shown in Figure 1:
1. 300 subcarriers, where one of the RBs (25 subcarriers) includes information modulated at DC (current 25.814 v2.0.0)

2. 301 subcarriers (one additional subcarrier than current numerology like the DL in 25.814 v2.0.0), where the additional subcarrier is unused and is located between the RBs assigned to different users (e.g., between the blue and green RBs in Fig. 1).

3. 300 subcarriers, where the subcarriers are frequency shifted by +/- 7.5kHz resulting in a offset of 7.5kHz for sub-carriers around DC (no subcarrier is centered at DC).
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Figure 1. Three Configurations for DC subcarrier studies.

Option 1 has the problem that there is always one RB with the DC subcarrier and thus the performance of that RB is reduced at the receiver (from ideal: ~0.5 dB for QPSK, 1.2 dB for 16-QAM @ 10% FER for single 25 sub-carrier RB allocation). This effect is most prominent with a single RB allocation, and with very small (e.g., 12 subcarrier) RBs (from ideal: ~1 dB for QPSK, >3dB for 16-QAM @ 10% FER for 1 RB allocation, see appendix).

Option 2 provides a benefit over option 1 in that there is no RB that includes the DC subcarrier resulting in no FER degradation for allocations that do not span DC (e.g., 1 RB allocation). If there is a need to schedule a multi-RB allocation such that it spans DC, the DC subcarrier is included in the modulated set of subcarriers and an edge subcarrier of the resource allocation is not modulated, at a similar FER performance to option 1 and 3. (from ideal: 0.15dB QPSK, 0.4dB 16-QAM @ 10% FER, assuming a 3 RB allocation) (see Table 2). While the number of subcarriers is exactly like the DL, the DC subcarrier for DFT-SOFDM should not be ‘skipped’ for a resource allocation spanning DC (large CM degradation [~1.7dB for pi/2 BPSK, 0.7dB for QPSK, 0.5dB for 16-QAM] for modifying the DFT-SOFDM signal) or included in the DFT (DFT are assumed available only in multiples of the RB size, not a number of RBs plus 1 subcarrier).

Option 3 also provides a benefit over option 1 in that no RB will have a subcarrier centered at DC.  Instead, the DC distortion is effectively spread over the two RBs on either side of DC, resulting in potentially reduced distortion compared to Option 1 (from ideal: 0.1dB QPSK, 0.4dB 16-QAM @ 10% FER for a 1 RB allocation).
At the transmitter, skipping over the DC subcarrier like is done for DL OFDM results in significant degradation in CM when the allocation spans the DC sub-carrier (~1.7dB for pi/2 BPSK, 0.7dB for QPSK, 0.5 dB for 16-QAM). Thus, skipping over the DC sub-carrier is not an effective solution for DFT-SOFDM. Table 1 and Table 2 summarize the impact of the DC distortion on CM and FER performance.
Table 1 – CM impact due to DC distortion with 0dB suppression, RB=25 subcarriers.
	
	CM degradation 

	Resource allocation details
	pi/2 BPSK
(dB)
	QPSK
(dB)
	16-QAM
(dB)

	Allocation (>1RB) includes DC subcarrier but DC skipped (like DL)
	1.7
	0.7
	0.5

	Allocation (1RB) does not include the DC subcarrier (option 2)
	0.3
	0.25
	0.15

	Allocation (1RB) includes DC subcarrier (option 1 & 3)
	0.4
	0.3
	0.25

	Allocation (>1RB) does not include the DC subcarrier (all options)
	<0.1
	<0.1
	<0.1

	Allocation (>1RB) includes DC subcarrier (all options)
	<0.2
	<0.2
	<0.15


Table 2  SINR impact from DC distortion with 0dB suppression. RB=25 subcarriers.
	Resource allocation details
	
	SINR increase to achieve 10% FER

	
	
	pi/2 BPSK

(dB)
	QPSK

(dB)
	16-QAM

(dB)

	Allocation does not include the DC subcarrier
	Option 1,2,3
	0
	0
	0

	1RB Allocation including DC (if applicable)
	Option 1
	0.4
	0.5
	1.2

	
	Option 2
	0.0
	0.0
	0.0

	
	Option 3
	<0.1
	0.1
	0.4

	3RB Allocation including DC
	Option 1,2
	<0.1
	0.15
	0.4

	
	Option 3
	<0.1
	0.1
	0.3


3. Power de-rating
The impact of DC distortion on the CM (slope = 1.56) is evaluated in this section for four different data allocation (localized) bandwidths:

1. 1 RB (25 sub-carriers)

1. 3 RB (75 sub-carriers)

2. 6 RB (150 sub-carriers)

3. 12 RB (300 sub-carriers).
The DC distortion due to unsuppressed carrier feed-through has a DC component with x dB suppression below the average sub-carrier power.  
Figure 2 shows the impact of DC distortion on CM for QPSK and 16-QAM when DC subcarrier is adjacent to the allocation (DC subcarrier not included in the allocation). For option 3, the allocation included the subcarrier 7.5 kHz away from DC. The results are similar for all the options described in the previous section.
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Figure 2 - DC distortion impact on CM when DC subcarrier is adjacent to (not included in) allocation
It can be seen from Figure 2 that the CM increases slightly as the DC distortion power increases for all BW allocations when the DC subcarrier is adjacent to the allocation. The impact of the DC distortion on CM is similar for other allocations that do not span the DC subcarrier with the DC subcarrier not adjacent to the allocation. 
Figure 3 shows the impact of DC distortion on CM for QPSK and 16-QAM when the allocations do include the DC subcarrier at the edge of the allocation.
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Figure 3 - DC distortion impact on CM for allocations with DC subcarrier at the edge of the allocation.
As can be seen from Figure 3 the CM is slightly degraded for a 1RB allocation (option 1 and option 3) compared to Figure 2. In option 2, since no RB includes the DC sub-carrier, the CM performance of option 2 for 1RB allocation is same as that shown in Figure 2. For other allocation bandwidths (applicable to all three options), the CM curves are similar to allocations that do not include the DC sub-carrier shown in Figure 2. Further simulations indicate that the impact of the DC distortion on CM for allocations (>1RB) that span the DC subcarrier is similar regardless of the location of DC within the allocation.
4. FER Performance
The FER performance for 1 and 3 RB allocations that include the DC subcarrier is presented in this section.  The performance assuming DC distortion with 0dB DC suppression is compared to the case with no DC distortion (denoted as ‘no distortion’), as shown in Figure 4 and 5.  

The system parameters used in the simulations are tabulated in Table III and are the current accepted 3GPP EUTRA parameters. One Resource Block (RB) consists of 25 subcarriers.  A quasi-static channel model is assumed with the channel being constant over the sub-frame. One active user is assumed and a frequency-domain MMSE equalizer is employed for FER evaluation.
Table III - System Parameters

	Item
	Value/Description

	Channel Bandwidth
	5 MHz

	Number of sub-carriers in 1 RB 
	25

	Sub-carrier spacing (LB/SB)
	15/30 kHz

	Cyclic prefix length
	4.04 s

	Baud/Symbol duration (LB/SB)
	66.67/33.33 s

	FFT size (LB/SB), N2
	512/256

	Modulation
	QPSK, 16-QAM

	Coding
	R = ½ Turbo 

	Channel
	GSM TU, quasi-static

	Number of Tx Antennas
	1

	Number of Rx Antennas
	2

	Channel Estimation
	Ideal


The receiver for option 1 and option 2 discards (zero-out) the Rx signal at the DC sub-carrier as the DC distortion is concentrated on the DC subcarrier (all active direct conversion transmitters, irrespective of their allocation, will have local oscillator leakage components contributing to the total DC distortion observed at the Node-B). In option 3 as the DFT-SOFDM signal is frequency shifted by 7.5 kHz prior to transmission, no data is modulated exactly on the DC sub-carrier (carrier frequency at RF).  Thus, the impact of the DC distortion due to local oscillator leakage is distributed over sub-carriers adjacent to the DC sub-carrier (as compared to being concentrated on the DC subcarrier in option 1 and 2). No subcarriers are discarded at the receiver for the option 3.
Figure 4 compares the performance of the different options with 0dB DC suppression for QPSK and 16-QAM with rate ½ turbo coding for 1RB allocation with the DC subcarrier included. 
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Figure 4 - Performance comparison of options with 0dB DC suppression for QPSK, 16-QAM, r=1/2 Turbo, GSM TU, 1RB allocation, RB=25 subcarriers.

As can be seen from Figure 4, with 1RB allocation, the performance of option 2 is similar to the case of no DC distortion as no RB includes the DC sub-carrier. Option 1 performance is worst (degradation of 0.5 dB QPSK, 1.2 dB 16-QAM @ 10% FER) as the DC subcarrier is discarded at the receiver. Performance of option 3 is slightly degraded compared to option 2 (0.1dB QPSK, 0.4dB 16-QAM @ 10% FER) as the allocated RB is on one edge of the DC distortion component (carrier frequency) resulting in approximately half of the significant ICI distortion affecting the allocated RB. 
Figure 5 compares the performance of the different options with 0dB DC suppression for QPSK and 16-QAM with rate ½ turbo coding for the case of a 3RB allocation. 
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Figure 5 - Performance comparison of options with 0dB DC suppression for QPSK, 16-QAM, r=1/2 Turbo, GSM TU, 3RB allocation, RB=25 subcarriers.
As can be seen from Figure 4, with the 3RB allocation the performance of all the options is similar and slightly degraded (0.1dB QPSK, 0.4dB 16-QAM @ 10% FER) from the ideal no distortion case. Thus, as expected, a larger resource allocation is more robust to DC distortion due to a smaller percentage of distorted sub-carriers.
5. Conclusion

Direct conversion (zero IF) transmitters and receivers can introduce distortion on the DC subcarrier for DFT-SOFDM and three configurations were evaluated to minimize DC distortion effects on decoded FER and CM/PAPR. The DC distortion is addressed on the DL with an unused DC subcarrier in the numerology. On the uplink, there is currently no unused DC subcarrier, and distortion including unsuppressed carrier feed-through from all the active UEs in the uplink will be present at the Node-B. It may be desirable to make a minor revision to the uplink numerology, as suggested in option 2 or option 3, to better support direct conversion architectures.
Appendix 

Additional FER performance results for 12 subcarrier RB. 
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Figure 6 - Performance comparison of options with 0dB DC suppression for QPSK, 16-QAM, r=1/2 Turbo, GSM TU, 1RB allocation, RB=12 subcarriers.
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Figure 7 - Performance comparison of options with 0dB DC suppression for QPSK, 16-QAM, r=1/2 Turbo, GSM TU, 3RB allocation, RB=12 subcarriers.

Comparing Figure 6, Figure 7 to Figure 4, Figure 5 indicate that the impact of the DC distortion due to local oscillator leakage results in significant degradation for a 12 subcarrier RB compared to a 25 subcarrier RB.
Table 4  SINR impact from DC distortion with 0dB suppression for RB of 12 subcarriers and 25 subcarriers.

	Resource allocation details
	
	SINR increase to achieve 10% FER

	
	
	pi/2 BPSK

(dB)
	QPSK

(dB)
	16-QAM

(dB)

	
	
	RB=12 
	RB=25
	RB=12
	RB=25
	RB=12
	RB=25

	Allocation does not include the DC subcarrier
	Option 1,2,3
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	1RB Allocation including DC (if applicable)
	Option 1
	0.9
	0.4
	1.0
	0.5
	>3.0
	1.2

	
	Option 2
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	
	Option 3
	<0.1
	<0.1
	0.15
	0.1
	0.9
	0.4

	3RB Allocation including DC
	Option 1,2
	<0.2
	<0.1
	0.3
	0.15
	0.8
	0.4

	
	Option 3
	<0.2
	<0.1
	0.2
	0.1
	0.6
	0.3
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