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1. Introduction

In RAN1#54 relay functionality for LTE-A was discussed, and in RAN1#55 some system level performance evaluations with out-band relays were presented [2].  This contribution incorporates in-band relay overhead in system performance results to study the in-band relay impact.
2. Simulation setup

A two ring 19 macro-cell 3-sectored site hexagonal grid system layout was simulated with dual port UE receiver operation assuming TU channels and 5MHz bandwidth.  Deployment Scenario (DS) Case 3 was assumed using cell wrap-around.  UEs were randomly dropped with uniform spatial probability density over the entire 57-cell network.  The relays were confined within 3.5 times cell radius distance from the center eNB of the network. The minimum allowed distance between any two relays is 350 m.  Two relay location (dropping) approaches are considered: 1) Random dropping of relays with uniform distribution in low geometry regions of system, or 2) Dropping relays at the worst long term C/I regions in the system when no relays exist.  Detailed descriptions can be found in [2].  Each relay is a single cell with its own scheduler, control channels, and an omnidirectional antenna which may be down tilted.  The macro-cell eNB’s antenna may be down tilted as well.  More details of the simulation assumptions can be found in Appendix A. 
In the simulations of [2], the communication between macro-cell eNBs and relays was assumed perfect and did not cost macro-cell eNBs’ resources. In other words, all the eNB resources are used for the UEs served by macro-cell eNBs.  Therefore, to obtain in-band relay impact on system performance, it is needed to add back the macro-cell eNB’s “overhead” for support relay’s transmissions to UEs.  Such overhead and hence in-band relay impact on system performance may be obtained from out-band relay results (statistics such as each UE’s throughput and serving cells need to be used) as follows:
For each drop:

1. Identify the UEs served by relays, and sum up their t-puts (in bps), which is denoted as T_r (bps) 

2. For 1 frame, the amount of data of relay to UE transmissions is T_r / 100 (bits), which needs to be transmitted from the eNBs to the relays within 1 subframe 

3. Assuming that 64QAM rate ¾ code is used for the eNB to relay link (which could be a little conservative given that the link SINR is >15 dB
) and 11 OFDM data symbols in one subframe (excluding RS), compute the number of RBs needed to support T_r / 100 bits: 

N_RB = ceil( T_r / 100 / 0.75 / 6 / 11 / 12 )

4. Compute the fraction of resources needed from the 57 eNBs and 10 subframes.  Note that 5MHz or 25 RBs per subframe is assumed.  Note also that the eNB to relay link is rank 2 transmission due to its high SINR, while eNB to UE links have both rank 1 and rank 2 transmissions (rank 1 is more often), and therefore, the overhead is further scaled down by a factor 1.5 

p = N_RB / 57 / 10 / 25 / 1.5

5. Identify the UEs served by eNBs, and sum up their t-puts (in bps), which is denoted as T_m (bps) 

6. Discount T_m by (1-p), which gives the corrected sum t-puts for eNBs 

T_m’ = (1-p) T_m

7. Obtain the corrected average sector t-put in the network: 

T = (T_m’ + T_r) / 57

Then the corrected average sector t-puts for all the drops are averaged to obtain the final average sector t-put shown in the spreadsheet.  The 5%-ile t-puts can be obtained likewise.  
It can be seen that much of the throughput performance improvement seen in [2] is reduced by about 50% (see Table 2). The overhead percentage (p as in above) incurred by using in-band relays is within 0.5 to 10%, which increases as the number of relays increases.  The sector throughputs are more significantly improved.  Average cell throughput increases with the number of omnidirectional relays.  The cases based on the optimal relay dropping approach still outperforming other cases.  
Combining the results in [2] and in this contribution, some useful approximations may be obtained, which verify the 50% reduction. Approximately, the relay node’s efficiency is about 0.5 (from [2] one gets 0.56 to 0.75) of the macro eNB’s efficiency, that is, if the relay has throughput t bps, then the same throughput can be delivered by an eNB with half the time-frequency resources (i.e. the relay cells’ average sector t-put is about half of the macro eNBs’ average sector t-put which is observed in Table 2 and 3 of [3]).   Therefore, with N relays deployed in a 57 cell network and assuming the number of UEs per relay is 0.25 ([2] has 0.243), then the sector average throughput gain
 with N out-band relays w.r.t. no relay is approximately gout-band ¼ (57+0.25*0.5*N)/57-1, which is roughly in line with the results in [2].  The throughputs delivered by the relays, if delivered from the macro eNBs to the relays first, would cost macro eNBs’ an amount of resource equal to half of 0.25*0.5*N, namely each macro eNB would need to use 0.5*0.25*0.5*N/57 of its total resource.  Therefore, the in-band overhead percentage p is approximately given by p ¼ 0.5*0.25*0.5*N/57 
.  When N={10,20,40,57}, p is {1.1%, 2.2%, 4.4%, 6.3%}, which is close to the simulation results.  Then sector average throughput gain with N in-band relays w.r.t. no relay can be approximated as gin-band ¼ (57*(1-p)+0.25*0.5*N)/57 - ¼ gout-band/2.  Note that a more accurate analysis can be done in this way.
Table 3 presents the average number of relays in one macro cell.  A larger average implies a higher the in-band relay overhead percentage.  Note that not all the relays are active --- approximately only 0.25 of the relays are active.
3. Conclusions

System level throughput performance of DS Case 3 with out-band relays was appropriately processed to account for the overhead of macro-cell eNB to relay communications, in order to derive in-band relay throughput performance.  With the deployment of relays the average cell throughput performance improved from 1 to 20% for 2 dBW EIRP as the number of omnidirectional relays increased from 10 to 57 in the 2 ring 3-sectored hexagonal system.  However, the throughput improvement due to relays dropped by about ½ compared to the results when in-band relay signaling was not accounted for.  That is:
1. The in-band relay overhead factor (p) is ~ 0.5 of the sector average t-put gain of out-band relays 
2. The in-band relay sector average t-put gain is ~ 0.5 of the out-band relay sector average t-put gain.
Table 1 – Macro-cell (no relay, 57 in-band or out-band relays) and relay throughput comparison

[image: image1.emf]no relay in-band relay out-band relay out-band relay out-band relay

macro-cell macro-cell macro-cell (rel. no relay) (rel. out-band)

sector t-put (kbps) 10861 11727 12539

6681 6681

%t-put gain - 8.0% 15.4% -38.5% -43.0%

5%-ile t-put (kbps) 146.7 139.5 150.4


Further performance trade-off may be possible by limiting the throughput of UEs served by relays.
Table 2 - Throughput results for systems with/without in-band relays
[image: image2.emf] 

# Relays 0 10 20 40 57 10 20 40 57 10 20 40 57 10 20 40 57 10 20 40 57

Sector 

tput 

(kbps)

9893.1 10016 10120 10372 11787 9984.4 10057 10247 11757 9954.8 10051 10340 11527 9972.3 10052 10228 11691 9980.6 10041 10527 11867

5%ile tput 

(kbps)

155.3 155.18 156.27 155.12 138.08 155.07 154.42 155.32 138.2 155.79 154.73 151.76 139.53 155.83 155.14 155.98 138.27 155.82 156.94 158.18 138.9

inband 

overhead

- 0.9% 1.8% 3.7% 7.6% 0.7% 1.3% 2.8% 7.4% 0.5% 1.3% 3.5% 5.6% 0.7% 1.3% 2.8% 6.8% 0.7% 1.2% 4.9% 8.6%

Sector 

tput gain 

%

- 1.2% 2.3% 4.8% 19.1% 0.9% 1.7% 3.6% 18.8% 0.6% 1.6% 4.5% 16.5% 0.8% 1.6% 3.4% 18.2% 0.9% 1.5% 6.4% 20.0%

5%ile tput 

gain %

- -0.1% 0.7% -0.7% -11.0% 12.3% -0.4% 0.6% -11.0% 12.7% -0.7% -1.9% -8.1% 11.7% -0.4% 0.5% -11.4% 12.7% 0.7% 0.8% -12.2%

Sector 

tput 

(kbps)

10861 10971 11085 11392 11617 10940 11135 11440 11630 10963 11094 11348 11585 10907 11054 11372 11564 10967 11135 11744 11930

5%ile tput 

(kbps)

146.70 146.6 145.71 142.38 139.28 147.37 145.27 141.15 140.03 148.14 146.36 143.09 139.49 146.63 144.45 140.09 138.67 145.41 145.47 137.83 136.77

inband 

overhead

- 1.5% 2.4% 4.9% 6.8% 1.2% 2.8% 5.3% 7.0% 1.4% 2.5% 4.6% 6.6% 1.0% 2.2% 4.9% 6.5% 1.5% 3.0% 8.1% 9.6%

Sector 

tput gain 

%

- 1.0% 2.1% 4.9% 7.0% 0.7% 2.5% 5.3% 7.1% 0.9% 2.1% 4.5% 6.7% 0.4% 1.8% 4.7% 6.5% 1.0% 2.5% 8.1% 9.8%

5%ile tput 

gain %

- -0.1% -0.6% -2.3% -2.2% 5.8% -1.4% -2.8% -0.8% 5.8% -1.2% -2.2% -2.5% 5.1% -1.5% -3.0% -1.0% 4.9% 0.0% -5.3% -0.8%

Sector 

tput 

(kbps)

10861 11000 11106 11435 11696 11016 11151 11444 11678 10924 11051 11291 11473 10996 11164 11393 11607 11043 11205 11413 11727

5%ile tput 

(kbps)

146.70 143.56 144.65 140.77 138.47 143.26 142.3 139.92 138.99 145.27 143.32 140.42 140.48 145.29 144.08 140.89 139.28 143.86 142.61 141.56 139.53

inband 

overhead

- 1.1% 1.9% 4.7% 6.8% 1.3% 2.4% 4.9% 6.8% 0.5% 1.6% 3.7% 5.2% 1.1% 2.5% 4.4% 6.1% 1.5% 2.9% 4.8% 7.5%

Sector 

tput gain 

%

- 1.3% 2.3% 5.3% 7.7% 1.4% 2.7% 5.4% 7.5% 0.6% 1.7% 4.0% 5.6% 1.2% 2.8% 4.9% 6.9% 1.7% 3.2% 5.1% 8.0%

5%ile tput 

gain %

- -2.1% 0.8% -2.7% -1.6% 3.5% -0.7% -1.7% -0.7% 4.5% -1.3% -2.0% 0.0% 3.4% -0.8% -2.2% -1.1% 3.3% -0.9% -0.7% -1.4%

Sector 

tput 

(kbps)

10861 11018 11127 11492 11787 11038 11185 11504 11757 10921 11060 11330 11527 11010 11187 11448 11691 11046 11220 11476 11867

5%ile tput 

(kbps)

146.70 143.32 144.06 139.32 138.08 143.05 141.5 139.31 138.2 145.67 143.23 139.92 139.53 145.08 143.23 140.09 138.27 143.46 142.52 140.77 138.9

inband 

overhead

- 1.2% 2.1% 5.1% 7.6% 1.5% 2.7% 5.4% 7.4% 0.5% 1.7% 3.9% 5.6% 1.2% 2.7% 4.8% 6.8% 1.6% 3.0% 5.2% 8.6%

Sector 

tput gain 

%

- 1.4% 2.4% 5.8% 8.5% 1.6% 3.0% 5.9% 8.2% 0.6% 1.8% 4.3% 6.1% 1.4% 3.0% 5.4% 7.6% 1.7% 3.3% 5.7% 9.3%

5%ile tput 

gain %

- -2.3% 0.5% -3.3% -0.9% 3.6% -1.1% -1.5% -0.8% 5.4% -1.7% -2.3% -0.3% 4.0% -1.3% -2.2% -1.3% 3.8% -0.7% -1.2% -1.3%
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 Table 3 – Average number of relays per macro cell (excluding relays with no UEs) [image: image3.emf]10 20 40 57 10 20 40 57 10 20 40 57 10 20 40 57 10 20 40 57

1.0537 1.1704 1.3579 1.6134 1.0897 1.1952 1.3975 1.5694 1.073 1.1995 1.3538 1.5639 1.087 1.1716 1.3364 1.5726 1 1.1765 1.5385 1.6286

1.1452 1.1743 1.3697 1.538 1.0852 1.1941 1.3922 1.573 1.113 1.192 1.3927 1.5545 1.0944 1.1791 1.3321 1.5309 1.1111 1.1111 1.4815 1.6765

1.0944 1.2036 1.4427 1.6134 1.1019 1.1812 1.3708 1.5694 1.0926 1.1885 1.3423 1.5639 1.0944 1.154 1.3539 1.5726 1.1111 1.0526 1.4286 1.6286

1.0944 1.2036 1.4427 1.6134 1.1019 1.1812 1.3708 1.5694 1.0926 1.1885 1.3423 1.5639 1.0944 1.154 1.3539 1.5726 1.1111 1.0526 1.4286 1.6286

BS and relay 

downtilt [7,0]

BS and relay 

downtilt [7,5]

BS and relay 

downtilt [7,10]

3 Optimal Locations

# Relays

vertical pattern off

Relay Location C/I  -5 -3 0
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Appendix A: simulation assumptions

Table 4 - Simulation Assumptions
	Parameter
	Assumption/Value

	Cellular layout
	Hexagonal grid, 19 macro eNB cell sites, 3 cells per site, wrapped‑around

	Relay layout
	1 cell per site, not wrapped‑around

	Inter-site distance (ISD)
	1732 m

	Distance-dependent path loss for macro eNBs
	L = 128.1 + 37.6log10(R), R in kilometers

	Distance-dependent path loss for relays
	L = 140.7 + 36.7log10(R), R in kilometers

	Lognormal Shadowing 
	As modeled in UMTS 30.03, B 1.4.1.4

	Shadowing standard deviation: macro to UE
	8 dB

	Shadowing standard deviation: relay to UE
	8 dB

	Correlation distance of Shadowing
	50 m

	Shadowing correlation
	Between sites
	0.5

	
	Between cells per site
	1.0

	Penetration loss from macro to UE
	20 dB

	Penetration loss from relay to UE
	20 dB

	Carrier frequency
	2 GHz

	Bandwidth
	5 MHz

	Subcarrier spacing
	15 kHz

	Resource block size
	180 kHz (12 subcarriers)

	Subframe duration
	1.0 ms

	Number of OFDM symbols per subframe
	14 (11 used for data, 2 for control (n=2), 1 for RS overhead)

	Channel model
	Typical Urban (TU) used for PDSCH 

	UE deployment
	570 UEs over 57 cells (uniform random spatial distribution over the network)

	Minimum distance between UE and BS
	35 m

	Minimum distance between relays
	350 m

	Frequency reuse factor
	1

	Hybrid ARQ scheme
	IR , Chase combining (asynchronous) (2/3<MCS<4.8), 16 levels

	Hybrid ARQ round trip delay
	8 subframes ( ms)

	Thermal noise density
	-174 dBm/Hz

	Antenna pattern for macro eNBs (horizontal)
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 = 70 degrees, Am = 25 dB  (70 degree horizontal beamwidth)

	Antenna pattern for relays (horizontal)


	0dB for all directions

	Antenna pattern for macro eNBs and relays (vertical)
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[image: image7.wmf]dB
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 = 20 degrees,  SLAv = 20 dB

	Total macro BS TX power
	20 Watts, 43 dBm 

	Total relay TX power
	0.5 Watt, 27 dBm

	BS and relay antenna gain (incl. cable loss)
	14 dBi and 5 dBi respectively

	BS and relay transmitter
	2 antennas

	UE speed 
	3 km/h

	UE receiver
	2 antennas

	UE antenna gain
	0 dBi

	UE noise figure
	9 dB

	CQI feedback delay
	2 ms

	CQI subband size
	180 kHz (12 subcarriers)

	CQI quantization
	5 bits per value/subband

	CQI feedback cycle
	2 ms

	CQI Error
	1dB for low SINR and 0.5 for high SINR

	Traffic type
	Full buffer

	Scheduler
	Time and frequency selective Proportional Fair scheduler

	Control channel model
	Ideal

	UE Channel Estimation
	Non Ideal

	Simulation drops
	15


� To see this, note that the penetration loss of the eNB to relay link is 0 dB (see � REF _Ref213493630 \r \h � \* MERGEFORMAT �[2]�), and the relay may have lower noise figure than the UEs, similar to the fact that the macro eNB’s noise figure (5 dB) is lower than the UE’s noise figure (9 dB).


� gout-band is the relative gain in sector average t-put of using out-band relays (compared against sector average t-put with no relay) and gin-band is the relative gain in sector average t-put of using in-band relays.  That is, gout-band = tput_with_outband_relays / tput_with_no_relay – 1.  Likewise gin-band is defined


� Clearly, gout-band ¼ 2p, i.e. relative throughput gain of using out-band relays is about 2x relay overhead percentage. Note this is derived by comparing gout-band and the formula for p.
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