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1. Introduction
This document studies the impact of UE self-interference (also referred to as self-desense) for LTE full duplex FDD (FD-FDD) systems operating with low uplink to downlink carrier frequency duplex spacing, with specific reference to operation in EUTRA Band 13 [1]. Please note however the analysis and conclusions are applicable to the deployment of additional channel bandwidth  
Simulation results shown in this document indicate that the impact of UE self-interference is not expected to significantly impact uplink coverage and throughput for FD-FDD deployments operating with moderate to high cell loads. Results show that UE-self interference starts having a significant impact only when UE(s) are given very large uplink frequency allocations, where such scenarios occur when cells are extremely lightly loaded (1UE/cell). Results also indicate that for these scenarios, performance impact can be mitigated by reducing the maximum allowable uplink allocation. 
Finally, cell search and CINR distributions are presented that indicate that the impact of de-sense on downlink measurements can be mitigated by restricting the maximum allowable uplink transmission bandwidth to 25 RB(s). 
2. De-sense Model
To quantify the impact of self-interference accurately, a de-sense noise model described in Annex B based on RF hardware measurements analysis is used. Figure 1 introduces the terminology
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Figure 1 – De-sense model (applied to EUTRA Band 13)
Figure 2 plots noise floor PSD after adding de-sense noise ingress to the baseline receiver noise floor (
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 is assumed to be 23dBm, 
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= 0.  Baseline receiver noise figure is assumed to be 9dB.  The band plan shown in Figure 1 is assumed. As shown in the figure, de-sense noise starts having an impact on the UE receiver noise floor only if 
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 is greater than 15 resource blocks (RBs). Further, the impact of de-sense is less severe for downlink RB allocations distant (in frequency) from the uplink carrier bandwidth. The figure also indicates that, if the UE is allocated all 50 RBs (9MHz) in the uplink and is transmitting with full power then de-sense can raise the effective UE noise floor by high as 25dB at the closest downlink  
band edge
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Figure 2 – Effect of de-sense on UE receiver noise floor (EUTRA Band 13) 
3. Impact on EUTRA System Performance  
In this section, the impact of de-sense on downlink full duplex FDD network capacity characterized via system simulations. All simulations are performed for EUTRA Band 13 as this band is expected to be most sensitive to UE self interference. System simulations account for ‘realistic’ uplink UE resource allocation and power levels by employing a ‘pseudo uplink scheduler’ that runs in parallel with a downlink scheduler. De-sense noise (generated using the model described in Annex A1) is added to the downlink UE receiver thermal noise floor based on the resource allocations generated by the pseudo uplink scheduler.
Please note the desense model does not include the impact of MPR/A-MPR which would further reduce impact of desense due to a reduced OOB emission.  
3.1. Effect on Network Capacity

Table 1 shows degradation in downlink system performance for an LTE full duplex FDD system operating in the band plan shown in Figure 1 with nominally 10.0MHz (50RBs) uplink and 10.0MHz (50RBs) downlink bandwidth allocation. A macro cell deployment scenario
 with 1km cell radius and 20dB penetration loss is assumed for all the simulations. Detailed system simulation parameters are listed in Annex A   
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Table 1 –Effect of UE Tx De-sense on DL system performance 
(10 UEs/cell, other cell interference modeled)
Figure 3 shows the distribution of RB allocations generated by the pseudo uplink scheduler.  The RB distribution plot shows that uplink UEs are very rarely allocated more than 25RBs (distribution for both 25 and 50 RBs maximum allowed uplink allocations shown for reference). Since the effect of de-sense noise for small uplink allocations is quite limited (as indicated by Figure 2), throughput degradation due to de-sense is also quite small for the multi-user deployment scenarios.
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Figure 3 – Distribution of #RBs scheduled in uplink by the pseudo UL scheduler
(Plot shown for 10UEs/cell)
Table 2 shows average throughput degradation for an extremely lightly loaded scenario, i.e., only single user located in each cell comprising the simulated network. For this scenario, the achievable user throughput is averaged across multiple locations in the cell. Other cell interference is generated by dropping a single user, at random locations, in other cells. All uplink transmissions are assumed to be at full power
. Further, to model the maximum effect of de-sense, the UE is assumed to attempt uplink transmissions at maximum possible data rate (while receiving data in DL). With this configuration, the UE can potentially be scheduled in all schedulable uplink resources in every subframe (‘worst case’ de-sense scenario). 
Results indicate that for this extremely lightly loaded scenario, if the UE is allowed to transmit in all the 50RBs, downlink throughput will be degraded significantly due to de-sense. However, it should also be noted that the UL cell edge throughput is still very significantly greater than the loaded scenario of Table 1.
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Table 2 – Effect of UE Tx De-sense on DL system performance 
(1UE/cell, other cell interference modeled)
Table 3 shows impact of de-sense for an isolated and extremely lightly loaded scenario i.e., only a single user per cell is simulated other cell interference is suppressed. Similar to Table 2, uplink transmissions are assumed to be at full power and the UE is scheduled for maximum possible data rate at its location. Results indicate that for this isolated and extremely lightly loaded scenario, impact of de-sense is further accentuated as the UE’s received SNR is de-sense noise limited i.e., there is no other-user interference to mask the effects of de-sense noise. 
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Table 3 – Effect of UE Tx De-sense on DL system performance 
(1UE/cell, no other cell interference)
The results in both Table 2 and Table 3 also show that the impact of de-sense can be mitigated by restricting the maximum allowable uplink UE allocations to fewer RB(s) (effectively decreasing the achievable uplink peak rate). 
Results indicate that for the non-isolated cell case, limiting UE uplink allocations to a maximum of 25RBs decreases the level of de-sense noise below interference level thereby minimizing its impact (this is also illustrated in the downlink CINR curves shown in Section 3.3). For the isolated cell scenario, uplink allocations have to be further restricted to 16 RB(s) to bring down the level of de-sense noise close to that of thermal noise.  It should be re-emphasized that these restrictions on uplink allocations are only relevant in extremely lightly loaded scenarios. For the more typical multi-user deployments, UE allocations rarely exceed 25RBs (even in a 10MHz deployment).
For the single UE results shown in Tables 2 and 3, uplink resources were allocated at the center of the uplink system band (
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). The impact of de-sense can be mitigated even more by scheduling the uplink resources such that that they are farthest away (in frequency domain) from downlink (i.e., right-most allocations if we consider Figure 1). 
Tables 4 and 5 illustrate the change in impact of de-sense based on how the scheduler assigns uplink frequency domain resources. Maximum uplink allocation is assumed to be restricted to 25RBs.  Results confirm that the impact of de-sense can be further mitigated by scheduling uplink resources as far away from DL as possible. 
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Table 4 – Sensitivity of De-sense impact to uplink frequency allocation 
(1UE/cell, other cell interference modeled)

[image: image13.png]Avgtput (kbps) | LossinAvgtput | Swletput | Lossin S%le tput
(%) (kbps) (%)

1o DL





Table 5 – Sensitivity of De-sense impact to uplink frequency allocation 
(1UE/cell, no other cell interference)
Finally, it should be noted that, for UE locations at cell edge, uplink transmissions typically do not occupy the entire nominal transmission bandwidth. So, the impact of de-sense for these locations is smaller than the impact seen at other ‘favorable’ cell locations where the UE is more likely to be scheduled all allowed RBs. This effect is shown in Figure A1 in Annex A. Here, de-sense noise power spectral density is plotted as a function of UE transmission gain (transmission gain captures path loss, UE and eNodeB antenna gains).  As shown in the figure, the system impact of de-sense depends on the fraction of UEs falling in the high de-sense impact region. Figure A2 also shows transmission gain distribution plots for various cell sizes.

3.2. Effect on Measurements

Figure 4a shows the distribution of number of cells ‘visible’ during cell search. Similar to Section 3.1, all results are shown for the 1km ISD, 700MHz deployment scenario. Here, it is assumed that a cell is ‘visible’ (i.e., a typical cell search algorithm can detect a cell) if its received downlink CINR is better than -9dB.  
As shown in the figure, turning on de-sense has a negative impact cell search measurements. For example, without de-sense, a single neighbour (>1 cell) is visible in ~50% of all cell locations. However, by turning on maximum possible de-sense (i.e., uplink transmission with full power in all 50RBs), a neighbour is visible only in ~35% of cell locations (green curve). As discussed earlier, impact of de-sense can be mitigated by restricting the maximum uplink allocation to fewer RBs. As shown by the red curve, restricting the uplink allocation to 25RBs makes the impact of de-sense negligible. As noted before, in multi-user scenarios, UEs will rarely get uplink allocations exceeding 25RBs and the hence impact of de-sense on cell search measurements is negligible.  
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Figure 4a – Impact of de-sense on number for cells ‘visible’ for cell search 
(All cell locations considered)
Figure 4a also indicates that for the 1km deployment scenario, a neighbour is visible only in ~50% of the locations (i.e., only the serving eNodeB is visible in the rest of the cell). This is because, in these locations, serving cell power dominates. Typically, cell search measurements made by the UE are relevant only in those locations where the received serving cell is power is lower and more comparable to received neighbor cell power, e.g., regions where the strongest neighbour RSRP
 is within 6dB of serving cell RSRP. Figure 4b plots number of cells visible (same metric as in Figure 4a) with this ‘cell edge constraint’ applied.  Impact of de-sense is more clearly illustrated in this figure. Without de-sense, at least one neighbor (>1 cell) is visible in all cell locations where the serving cell RSRP is within 6dB of the neighbour cell. When de-sense is turned on (in all 50RBs) the ‘nearest neighbour’ is visible in only 75% of such locations.  
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Figure 4b – Impact of de-sense on number for cells ‘visible’ for cell search 
(Only those cell locations which satisfy the ‘cell edge constraint’ considered)

3.3. Effect on Downlink CINR

Figures 5a to 5d illustrate the impact of de-sense more clearly by plotting the downlink CINR distributions for the serving cell, and three strongest neighbour cells respectively. All results are shown for the 1km radius, 700MHz deployment scenario.  The following notation is used in the plots. 

C ( Desired cell power

 I(  Accumulated power of all the interfering cells 

Nth ( Thermal noise power  

Nd ( De-sense noise power.  

Considering the serving cell CINR curves (Figure 5a), it can be seen that in the absence of de-sense, the system is essentially interference limited (C/I and C/(I+Nth) curves are on top of each other). Adding de-sense by restricting the uplink allocations to 5MHz (25RBs) degrades the downlink CINR only marginally (bold green C/(I+Nth+Nd) curve is within 1.5dB of the navy blue C/(I+Nth) curve). Impact of de-sense is significant only when the uplink allocation occupies all 50 RBs (dotted green C/(I+Nth+Nd) and C/Nd curves).  

For neighbor cell CINR, Figures 5b to 5d illustrate that for neighbour cell signals (tracked primarily for measurements), impact of de-sense is further masked by interference from serving cell (green C/(I+Nth+Nd) curves are much more closer to the navy blue C/(I+Nth) curve).
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Figure 5a – Impact of de-sense on Carrier to Interference and/or Noise ratio of 
serving cell 
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Figure 5b – Impact of de-sense on Carrier to Interference and/or Noise ratio of 
strongest neighbour cell
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Figure 5c – Impact of de-sense on Carrier to Interference and/or Noise ratio of 
2nd strongest neighbour cell
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Figure 5d – Impact of de-sense on Carrier to Interference and/or Noise ratio of 
3rd strongest neighbour cell

4. Conclusions
Based on the results shown in the document, the following conclusions can be made.

· De-sense model shown in Section 2 indicates that the impact of desense is dependent on uplink allocation bandwidth and power used for uplink transmissions, in addition to frequency separation between uplink and downlink bands.  

· In the general case for those bands which suffer from desense when operating in a 10 MHz channel bandwidth the noise floor analysis shows if the uplink band allocation is restricted to 25RBs additional noise ingress caused by de-sense will have negligible impact on UE receiver noise floor. For Bands 13 and 14, allowing 25RB uplink allocation increases the noise floor by around 10dB when the UE is operating at full power. 

· Network throughput results for EUTRA Band 13 shown in Section 3.1 indicate that impact of de-sense is minimal for FD-FDD deployments operating with a normal cell load (10UEs/cell). In such multi-user deployments, frequency resources (RBs) in any given subframe are shared and, the individual allocation for any UE will rarely exceed 25RBs. 
· Simulation results further illustrate that the impact of de-sense is significant only when the cells are extremely lightly loaded (1UE/cell) and impact is further accentuated if the cells are both lightly loaded and isolated (1UE/cell, no other cell interference). Results also confirm that in these scenarios, de-sense impact can be mitigated to a large extent by reducing the maximum allowable uplink allocation (e.g. to 25RBs) and scheduling uplink transmissions in frequency resources that as far away from downlink as possible. 

· Finally, cell search and CINR distributions shown in Sections 3.2 and 3.3 also indicate that the impact of de-sense on downlink measurements can be mitigated by restricting the maximum allowable uplink transmission bandwidth to 25 RB(s). 
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6.  Annex A – System Simulation Assumptions

	Parameter
	Assumption

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

1.73km Inter site distance (ISD)

	Distance-dependent path loss
	L=118.6 + 37.6log10(.R), R in kilometers @ 700MHz

	Lognormal Shadowing
	Similar to UMTS 30.03, B 1.41.4 

	Shadowing standard deviation
	8 dB

	Correlation distance of Shadowing
	50 m  (See D,4 in UMTS 30.03)

	Shadowing correlation
	Between cells
	0.5

	
	Between sectors
	1.0

	Penetration Loss  
	20 dB 

	Antenna pattern (horizontal)

(For 3-sector cell sites with fixed antenna patterns)
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 = 35 degrees,  Am = 20 dB for a 70 degree horizontal beam width antenna

	Channel model
	Spatial Channel Model (Urban Macro, high spread 
Other cell interference modeled as frequency selective from six strongest neighbor cells.

	Total BS TX power (Ptotal)
	46dBm (10MHz)

	Antenna Bore-sight points toward flat side of cell (for 3-sector sites with fixed antenna patterns)
	


	Users dropped uniformly in entire cell
	


	Minimum distance between UE and cell
	35 meters

	System Bandwidth
	10.0MHz system BW, 9.0MHz occupied BW

	Number of  users for full queue traffic model
	10 users/cell

	OFDM symbols per subframe
	14 (Total), 2 reserved for control overhead, 1 reserved for pilot overhead, 11 used for data


Table A1 - Macro-cell system simulation baseline parameters
	Parameter
	Assumption

	Scheduler
	PF (both in time and frequency domain)

	HARQ
	IR with N=8 stop-and-wait HARQ protocol

	MIMO Configuration
	2x2 Single user MIMO 

	De-sense Modeling
	Explicit modeling using a pseudo uplink scheduler that runs in parallel with the downlink simulation.


Table A1 (contd.) - Macro-cell system simulation baseline parameters
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Figure A1 – De-sense noise PSD as a function of UE transmission Gain
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Figure A2 - Transmission gain distribution for 700MHz carrier 

7. Annex B – Desense model

To quantify the impact of self-interference accurately, a de-sense noise model based on RF hardware measurements analysis is used.  Figure 1 introduces the terminology. 
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Figure B1 – De-sense model (applied to EUTRA Band 13)
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The center to center separation between the aggressor and victim 
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Leakage power of the transmitter seen as de-sense noise ingress in the receiver band (with receive bandwidth
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Where, 
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is the UE transmission power which depends on allocated bandwidth 
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[image: image40.wmf]ACLR

 is given by 



[image: image41.wmf]vic

agg

BW

10*log10  dBc

BW

ACLRK

æö

÷

ç

÷

ç

÷

ç

÷

ç

÷

ç

èø

=+



 MACROBUTTON MTPlaceRef \* MERGEFORMAT (0.3)


[image: image42.wmf]K

and 
[image: image43.wmf]filt

g

depend on UE transmitter hardware. For a typical UE, K varies with 
[image: image44.wmf]F

agg

BW

D

 as shown in Figure 2. 
[image: image45.wmf]filt

g

 is assumed as 



[image: image46.wmf]F

F

0 dB,    if 6

22

48 dB,  if 6  

22

agg

vic

filt

agg

vic

BW

BW

MHz

BW

BW

MHz

g

ì

ï

ï

ï

ï

ï

í

ï

ï

ï

ï

ï

î

D--£

=

-D-->

  MACROBUTTON MTPlaceRef \* MERGEFORMAT (0.4)

[image: image47.emf]0 5 10 15 20 25

-110

-100

-90

-80

-70

-60

-50

-40

-30



F

/BW

agg

K (dB)


Figure B2 – Variation of K with Aggressor to Victim separation
 Max power but <50RBs allocated





 50RBs allocated but Tx power reduced due to power control





Thermal noise PSD





De-sense noise PSD





High De-sense impact Region








� Same deployment scenario as RAN1 Case3, but operating bandwidth changed to 700MHz instead of 2GHz.Among the various RAN1 performance verification deployment scenarios (Case1 to Case4), Case is most likeky to be noise limited and hence most sensitive to de-sense.


� While full power transmissions is a ‘worst case’ assumption, turning on power control for this deployment did not significantly reduce the impact of self-interference.


� RSRP is Reference symbol received power. More details about this measurement can be found in TS 36.214.


� The term ‘aggressor’ refers to the UE transmitter chain that causes leakage or ‘de-sense’ interference to a co-located receiver (‘victim’) in the same UE.
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