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1. Introduction 

During Athens meeting, L3 relay, defined more precisely as “type 1 relay” [1], was adopted in 36.814 as one of relay types in work item study. A “type 1” relay node (RN) is essentially a low-power eNB with a wireless backhaul connected to its donor cell. The backhaul link is in-band, sharing the same time-frequency resource with direct link (eNB-UE) and access link (RN-UE). In order to support Rel. 8 UEs in “type 1” relay, downlink backhaul transmission uses MBSFN subframes [2]. In the so called “single cell” operations, a UE is connected with either donor cell or “type 1” RN, but not both, thus ruling out the possibility of cooperation between donor eNB and RN, or between RNs. 

In the context of relay, study has shown that cooperative transmission between donor cell and relay can improve the link and system performance [3-8]. Such cooperation can be implemented in various ways: network coding [5], transparent relay [4], etc. All of them share the same basic concept: to boost per link capacity or save radio resource by utilizing the signals from donor cell and other RNs. Note that in theory, collaboration is also possible between “type 1 relay” and donor cells in the context of CoMP. However, given the small form factor of a RN, it may not be feasible to implement such collaboration in real systems. Details are seen in subsequent sections.       
One of key arguments of adopting “type 1” relay is the system performance gain envisioned from cell splitting [9]. Since a “type 1” RN is an independent eNB, it can reuse the same resource to schedule UEs in its coverage area, albeit with increased inter-cell interference. On the other hand, a lot of study on cooperative relay has focused on per link data rate enhancement, without comprehensive view on overall system performance impact, especially on the trade-off between resource dimension and power gains.    

In this contribution we provide a systematic comparison between “type 1 relay” and L2 cooperative relays, mainly from the performance impact prospective. Besides verbal analysis of the system capacity expectations, we also carry out simulation study to get more insight.
2. “type 1” relay 

The concept of L3 relay is refined by “type 1” relay definition. In this section, we describe “type 1” from different angles, highlighting its commonalities and differences from regular eNBs, and analyzing the performance impact. From now on, we will use the term “relay link” instead of “backhaul link” to represent more general characteristics of eNB-RN link. “backhaul link” will be specifically used for eNB-RN link in “type 1” relay.
2.1 Definition of “type 1” relay 
L3 relay, as its name implies, was originally proposed to represent a type of RNs that communicates with donor cell through IP packets. In another word, wireless protocol is used to replace wireline protocols for inter-site backhaul. A key motivation of wireless backhaul is to reduce the cost of extending wires to small cells which sometimes is not possible due to zoning regulations. IP packet communication between donor cell and RN means that the entire L1/L2/L3 protocols reside in RN. Such RN has its own scheduler to allocate the resources for its subordinate UEs.        
Although the above definition captures L3 nature of the traffic carried in the backhaul link, it does not specify the associated signaling, especially on cell ID, synchronization channel (SCH), etc. A more precise definition, “type 1” relay, limits the scope to merely an independent base station.  “Independence” means the following:

· It has full freedom to schedule resource for its subordinate UEs, without considering its donor cell. 

· UE can synchronize to this RN during cell search

· UE can random access to this RN directly       
Therefore, we can consider “type 1” RN as a wirelessly connected eNB of smaller form factor. 
2.2 Difference from regular eNB 
Functionally, a “type 1” RN appears as an eNB to UEs. However, it has significant differences from a macro-cell eNB:

· Backhaul link is wireless and its channel capacity is generally inferior to wire backhaul [10]
· In-band backhaul is preferred which competes for radio resources with direct link and access link 

· It has much lower transmit power, antenna gains [11] 
· The number of antennas is very limited (e.g., <=2) due to the size of relay sites 

The first two bullet points imply significant duplex loss during the two-hop process, e.g., from eNB to RN, and from RN to UE. A simple example is: when the channel qualities of backhaul link and access link are comparable and use the same amount of resource, the overall rate after two hops would be only a half of either link. In this sense, the capacity or coverage gain from adding a “type 1” RN is smaller than we would potentially get from adding a regular eNB. The third bullet point implies a large percentage of UEs in a cell would see strong interference from the donor cell even though some of them are quite close to a “type 1” RN [9]. Simulation in subsequent section also verifies this. The last bullet point casts the doubt on the feasibility of advanced antenna technologies for relays, especially with bandwidth/capacity limitation of wireless backhaul implied by the first two bullet points. 
2.3 PHY standard impact 
In the case of in-band backhaul, the only thing needs to be standardized is the frame structure of backhaul link. Details are still being worked out. Nevertheless, the standardization may not be trivial as it appears [12], especially with the issue of backward compatibility.   
2.4 Performance impact 
Let us first consider the interference limited environment with uniformly distributed UEs. Here we ignore the dead spot scenario assuming that simple repeaters could be a more attractive solution to fill coverage holes [13]. In dead spots mostly likely the antennas connected to macro cell and to UEs are spatially separated. One helps the RN to “stick out of” the shadow fading and reach the footprint of the macro cell, and the other helps the RN to cover the local UEs within small regions. The spatial separation of antennas provides a natural isolation of backhaul link and access link, which fits the installation requirement of repeaters. 

In interference limited environment, it is well known that the capacity gain from adding regular eNBs is limited due to the extra inter-cell interference, unless there is certain collaboration between neighboring cells [9]. Following the same rationale, the capacity gain from adding a “type 1” RN is even worse due to the duplex loss mentioned above. While eNB and “type 1” RN collaboration is possible, most of potential schemes rely on advanced antenna technologies that are generally not feasible to relays. Therefore, the capacity gain of “type 1” relay would be very limited or insignificant.

In the case of hot-spot scenario, “type 1” relay may provide more gains with some idealistic assumptions of backhaul link [9]. The backhaul link quality can be improved by using the directional antenna at relay and careful site planning. However, the limiting factor is often the backhaul frame structure itself. It was agreed in previous meetings that 
· Backhaul link and access link are TDM partitioned [14]
· MBSFN subframes can be used for downlink backhaul to support Rel. 8 UEs

The first bullet point implies that when multiple UEs are served by a RN, extensive packet aggregation [15] is needed so that each user’s traffic is aligned within the same backhaul link subframe. Such traffic aggregation would cause some high-layer inefficiency. But without it, time-domain partitioning becomes less efficient. The second bullet point is for backward compatibility and the consequence is more restrictions on resource allocation for backhaul link both in time and frequency. Therefore, the actual gain from “type 1” relay is not yet proved when the above limitations of backhaul link are fully considered.
Also as mentioned before, high power transmission by macro-cell eNB together with high antenna gain can cause excessive downlink interference to UEs served by “type 1” RNs. In another word, the downlink coverage area of a “type 1” RN is significantly reduced due to macro cell interference, compared to the case in the uplink [16]. Such coverage imbalance would cause problems such as inappropriate uplink power control, etc. And smaller coverage area in the downlink means 

· More “type 1” RNs needed to serve significant portion of UEs in a cell and have impact
· More frequency cell switching between macro cell and RNs and between RNs during mobility
The above reasoning shows that the capacity improvement of “type 1” relay would be very modest in the case of uniformly distributed users, or even probably for clustered users if various limitations of backhaul link are taken into account. In addition, strong interference from macro eNB can cause significant imbalance between the coverage areas of downlink and uplink. 

In some sense, modest performance gain of “type 1” relay is due to the over consciousness and narrow-mind understanding of backward compatibility, which is not seen in other LTE-Advanced topics. To sufficiently support Rel. 8 UEs, potential improvement opportunities have to be compromised:

· Different cell ID for each “type 1” RN results in interference between common reference signals (CRS) by donor cell and RNs, similar to the traffic
· Restriction on MBSFN subframes for backhaul link, including potential performance loss due to semi-static resource allocation   
3. L2 cooperative relay 

In cooperative relay, macro cell and a RN, or different RNs jointly serve the target UEs within RN coverage areas. Here “cooperative” is exclusively used so that the cooperation is not confused with CoMP type of joint processing or interference coordination which heavily relies on advanced antenna technologies. “L2” further strengthens the notion that the relationship between a macro cell and a RN is not equal as in “type 1” relay. The primary function of so called “cooperative relay” is to assist the data transmission between macro cell and UEs, by enhancing the signal strength or information redundancy. Therefore, such RN has only L1/L2 functionalities and may not have its own scheduler.
A fundamental motivation of L2 cooperative relay is the overall system capacity gain, not just the data rate improvement of individual eNB-RN-UE connection. The intuition is that in the context of relay, considering the trade-off between resource freedom (through “type 1” relay) and power/redundancy gain (through L2 cooperative relay), the latter may edge out the former. Detailed explanation is seen the subsequent text.
The key idea of L2 cooperative relay stems from simple observations in two-hop relays. Here we use downlink as an example and the general idea is applied to the uplink as well.

· When eNB sends data to RN in the first hop, the signal also reaches the UE 

· Data is available at both eNB and RN at the beginning of the second hop

The first bullet point highlights the fact that the transmission in the first hop is broadcasting. While in general the relay link (eNB-RN) channel quality is better than that of direct link, UE can still get some information even with decoding failure. The second bullet point implies that two independent channels are available to carry the same information bits. So there is an opportunity to effectively utilize those two channels to improve the link capacity.

One misconception of L2 cooperative relay is that small percentage of HARQ retransmissions in direct link would limit the cooperative gain. In general, eNB knows whether a UE is being served by a RN. To maximize the overall link capacity, eNB scheduler would use relatively high MCS level and less resource for the relay link (eNB-RN) whose channel is much more reliable than direct link. By doing so, it is very likely that HARQ retransmissions are needed in direct link.   
3.1 Exemplary configurations
The first-hop transmission is of broadcast nature (at least for the traffic) which requires little optimization. So the configurations differ primarily in the way the information is combined or cooperatively utilized in the second hop. One simple implementation is over-the-air combining as in [4] where signals from RN and eNB are linearly superimposed as seen in Fig 1. To make the combining effective, RN and eNB should use the same MCS to generate the same modulation symbols and map them to the same PRB to get the same time-domain signal waveforms. Implementation/signaling details are skipped here where our focus is the performance. This type of combining can achieve power gain, and therefore improve the link capacity. 
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Figure 1. Over-the-air combining [4]
L2 over-the-air combining shares some similarity with L1 relay [17] where access link and direct link are considered as multipaths. However, L1 relay has the following issues:

· Noise also amplified

· Antenna separation between relay link and access link

· May need extra cyclic prefix for FFT/IFFT operation to achieve frequency-selective amplifying
Cooperation can also be generalized to code domain [5]. The rationale is that the signal from eNB can be treated as “extrinsic” information to help access link decoding. Because of the increased information entropy seen by the receiver, higher order MCS can be used in access link so that the overall link capacity is improved. Transmissions from eNB and RN can happen at different subframes as Fig. 2 shows. And different MCS and PRBs can be used for data in direct link and access link. Various ways of demodulation and decoding can be implemented in this configuration and we skip the detailed discussion. 
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Figure 2. Code domain L2 cooperative relay [5]
The above code domain treatment can be applied to the case that involves different UEs [8]. As Fig. 3 shows, UE0 can use the over-heard signal during Phase 1 to combat the interference from RN in Phase 2 when the same resource is reused by UE0 and UE1. In this configuration, the cooperation brings more resource dimensions, rather than per link capacity gain. Here again we skip the discussion of detailed implementation. 

[image: image3.emf] 

eNo d e - B  

Relay  

Node  

UE0   UE1  

Phase - 1  

Data - 1  

eNo d e - B  

Relay  

Node  

UE0  

Phase - 2  

Data - 0  

Link - 2  

Link - 1  

Link - 3  

Link - 5  

Data - 1  

Link - 4  

Data - 1  

UE1  

Link - 7  

Link - 6  


Figure 3. Resource reuse through L2 cooperative relay [8]
3.2 Potential PHY standard impact

The exact standard impact depends on specific relay configurations. In some configurations such as over-air-combining, the standard impact is relatively small. 
3.3 Performance impact

Generally speaking, L2 cooperative relay can boost per link channel rate and thus improve the overall system capacity. As described previously, resource space can be saved in some configurations, which is another way to enhance the system performance. Here we use the over-the-air combining for convenience to formulate the problem in an analytical form.  
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Figure 4. Channels involved in general two-hop relay 
A simple two-hop relay setting is illustrated in Fig 4. The setting is general to both “type 1” relay and L2 cooperative relay. There are two UEs in Fig. 4, “UEin” in the coverage area of “type 1” relay and “UEout” outside of relay coverage, but served by the macro-cell. “UEout” is deliberately introduced to account for the potential gain from resource reuse between eNB and RN in “type 1” relay. Channels are assumed flat and quasi-static between two hops. Channel coefficients (absorbing pathloss and shadow fading) of direct link and access link are denoted as heNB-UEin (or heNB-UEout), hRN-UEin (or hRN-UEout), respectively. Transmit powers of eNB and RN are PeNB and PRN. To limit the scope of the study, UE receivers are not supposed to cancel the interference from other cells or relay nodes. Other-cell interference power seen at UEin and UEout are denoted as Io,UEin, Io,UEout, respectively. We use notations ReNB-RN, RRN-UEin, ReNB-UEin and ReNB-UEout to represent the corresponding channel capacities (with Gaussian signals). Here we further differentiate the representations in “type 1” relay and L2 cooperative relay, and write them down explicitly as
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Note the intra-cell interference terms (PeNB|heNB-UEin|2 and PRN|hRN-UEout|2) seen in “type 1” relay, causing reduced rate in access link, i.e., RRN-UEin, type1 < RRN-UEin, L2 and the negative effect of RN transmissions on Ues served by macro-cell. In fading environment, the intra-cell interference changes in time, causing wide CQI and SINR fluctuations which generally degrade the performance of scheduling and decoding.

Assuming that resources are proportionally allocated between the two hops, the overall channel capacities can be calculated as [3]
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Clearly, Reff, L2 is significantly higher than the first term in Eq. (4), not only because of the cooperative gain (appearing as the extra summation term ReNB-UEin in the numerator), but also due to the reduced channel rate of access link in “type 1” relay (RRN-UEin, type1 < RRN-UEin, L2). Note that the second term (ReNB-UEout, type 1) in Eq. (4), reflecting the gain of resource reuse, suffers from the intra-cell interference caused by “type 1” RN transmissions. 
The above two equations capture the effective channel capacities per link or associated links. To see which type can provide more gain in system performance, we essentially need to integrate Eqs. (4-5) over different UEs. The results depend primarily on PeNB, PRN, and statistics of heNB-UEin, heNB-UEout, hRN-UEin, hRN-UEout, Io,UEin, Io,UEout, etc., in particularly, the ratio of received power from eNB and serving RN. Those statistics are determined by network and RN layout, statistics of pathloss, shadow fading, fast fading, etc., which can only be evaluated through simulations seen in next section. 
4.  Simulation study
We focus on downlink full buffer traffic in this study. Most of simulation parameters follow those in [11], except that the vertical antenna pattern is not modeled. Site-to-site distance is 0.5 km. The average number of UEs per cell is 20. We also try several higher power settings for RN to see the performance trend. 

The purpose of this simulation study is to compare the system capacity, between “type 1” relay and L2 cooperative relay. To say “the performance of relay system”, we really mean the performance gain of relay compared to the case without relay. We stress this notion to reflect the fact that relay is generally used to help medium or poor geometry users, while bulk of good geometry users (that contribute most to system capacities) would not get the benefit. We may hardly see “doubled or tripled” capacity with relay.  The increment in percentage is often quoted, i.e., “doubling the increment” can be considered quite substantial even though the compared increment is rather modest. 

So first we need to choose a setting where relay can show non-negligible gain (i.e., > 3%) so that the performance difference is sensible. Given the much lower transmit power and antenna gain of RN compared to eNB, and more severe pathloss seen in access link compared to direct link, enough number of RNs is needed to see significant gain [9]. Therefore, we place 10 RNs in each cell. The locations of RNs are uniformly distributed, i.e., uncorrelated. 
The case of non-uniformly distributed UE/RNs is not studied in this simulation. There are two reasons. First, such scenario is not as general as the uniformly distributed case, and there is no well acceptable model to determine UE/RN locations. Second, there is limited study on the impact of backhaul link data rate and resource allocation constraint on the hotspot capacity. We understand that due to the uniformly distributed RNs, the cell edge performance improvement may not be as high as expected when RNs are put close to cell edges [3, 6, 17-21]. Hopefully, it would not affect the overall trend in performance comparison between these two types of relay.  
Due to the page limitation, we do not provide results of other simulation settings such as [6, 20, 21]. The motivation of [20] is to trade the transmit power and antenna gain of RN with the number of RNs deployed in a cell, while allowing better handling of mobility. In this sense, we can also achieve similar effect by putting more RNs while using the settings in [11]. 

In this simulation we ignore the constraints on MBSFN subframes for backhaul link in “type 1” relay. For L2 cooperative relay, over-the-air combining is assumed. 
Without relay, the average cell throughput and 5% user throughput are 11.55 Mbps and 134 kbps, respectively, which serve as the baseline. Throughput gains are compared in Table 1 where the gains of L2 cooperative relay are more than double of the gains of “type 1” relay. Modest gains seen in “type 1” relay are consistent with the observation in Table 2. It is found that the percentage of UEs served by those RNs is relatively small even when RN transmit power is increased to 36 dBm. Low percentage means small portion of UEs would benefit from relay, hence potentially small improvement in system capacity. 
Table 1. Throughput gain comparisons (over-the-air combining for L2 cooperative relay)
	Relay TxPwr

(dBm)
	Cell throughput gains
	5% user throughput gains

	
	“type 1” relay
	L2 coop. relay
	“type 1” relay
	L2 coop. relay

	30
	4%
	10%
	2.5%
	4.5%

	33
	5.3%
	12.6%
	5.6%
	12.7%

	36
	7.3%
	15.6%
	7.2%
	15.7%


Such low percentage of UEs attached to RNs is due to cell/RN selection which is based on SINR of common reference signals (CRS). In “type 1” relay, CRS of macro-cell and RN interfere with each other. The duplex loss is also taken into account in cell/RN selection, i.e., connect to “type 1” RN only when the overall channel rate (after two hops) is higher than that of direct link. 

One may wonder that total throughput of UEs served by RNs would represent the average cell throughput gain in “type 1” relay since those UEs reuse the same resource. However, Table 2 shows that is not the case. The explanation could be that due to the strong interference from eNB and duplex loss, the average UE throughput served by “type 1” RN is lower than the average throughput of UEs served by eNB. In addition, RN transmissions cause interference to macro-cell UEs and would degrade their performance to some extent.

Table 2. Percentage of UEs served by “type 1” RNs
	Relay TxPwr

(dBm)
	Percentage of UEs served by “type 1” RNs

	30
	7.7%

	33
	10.6%

	36
	14.2%


Potentially strong interference from eNB in “type 1” relay can be seen from Fig. 5 which shows probability density function (PDF) of power ratio of received signal from eNB and closest RN. Each sample reflects a long-term measurement where fast fading is averaged out. The bin size is 4 dB. In the presence of eNB interference, “type 1” relay should be used only when the ratio is about – 5 dB or lower. The accumulative probability of that operating region is about 8%, close to the statistics in Table 2, 
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Figure 5. PDF of power ratio of received signals from eNB vs. from closest RN
Fig. 5 also reveals that there is a significant portion of UEs that see comparable (within 5 dB difference) signal levels from eNB and RN. As the transmit power of RN is increased from 30 dBm to 36 dBm, that percentage goes roughly from 20% to 30% which are expected to see significant gain from L2 cooperative relay. 

5.  Conclusions

We analyzed “type 1” relay and L2 cooperative relay, and compared their performance expectations. Simulation was carried out to evaluate the overall system throughput under the parameter settings in 36.814. It was shown that throughput gains of L2 cooperative relay are more than double of the gains of “type 1” relay. The study reveals a fundamental trend under the parameter settings in 36.814: in the trade-off between the extra resource by ‘type 1” relay and the power gain through L2 cooperative relay, the latter is consistently better.     
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