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1
Introduction
The summary of email discussion on the analysis of expected challenges in small cell deployments [15] concluded that the so-called UL/DL imbalance problem should be discussed further for scenario 1 (i.e. co-channel Hetnet scenario with macros and picos deployed on the same carrier frequency), while for scenario 2 (i.e. macro and small cells deployed on tdifferent carrier frequencies) this issue should have lower priority - and it will be investigated later whether potential solutions studied for the other challenges can also address this issue. Therefore in this contribution we address the UL/DL imbalanace problem for Rel-12 Small Cell scenario 1. The terms pico and Small Cell are used interchangeably. We first we outline the co-channel UL/DL imbalance scenario in Section 2. Secondly, the DL and UL performance is discussed in Section 2, by summarizing main findings from existing co-channel HetNet performance studies in the open literature, including also results from other RAN WGs. The contribution is concluded in Section 4.
2
UL/DL imbalance scenario
In heterogeneous networks, the eNBs have different downlink output power, e.g., macro eNBs with high output power and pico eNBs with low output power. Due to the power imbalance, the best cell (from a signal strength point of view) to connect with may differ depending on if one considers downlink or uplink performance as illustrated in Figure 1. In Figure 1, the location is depicted on the X axis whereas the received signal strength is depicted on the Y axis. A macro eNB and received macro DL power are depicted in blue. A pico eNB and received pico DL power are depicted in green. A UE with received UL power is depicted in orange. The optimal single-user UL/DL cell border means that the received uplink/ downlink signal strength is equal at the two eNBs/ UE. The right vertical dashed line shows the downlink cell border which is where the received (from the two eNBs) signal strength is equal. The left vertical dashed line shows the uplink cell border which is where an uplink signal has equal received power at both eNBs. The horizontal dashed line shows that the eNBs receive equal uplink signal strength (Y dBm) from the UE when the UE is on at the uplink cell border. Adopting the RAN1 Rel-12 Small Cell simulation assumptions [1], where the macro and Small Cell Tx power equals 46 dBm and 30 dBm, respectively, it means that there is 16 dBm shift in optimal single-user UL and DL cell border. However, it shall be noted that this is only the case from a single-user scenario perspective with a UE transmitting at its maximum power, while optimal cell border in a more realistic multi-user setting naturally also depends on the cell loads and other parameters, as will be discussed in more details in the following section.
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Figure 1: UL/DL imbalance issue for co-channel HetNet deployments
(e.g. Rel-12 small cell scenario 1)
3
System level performance considerations
3.1
Downlink performance optimization
The downlink HetNet co-channel system level performance have been studied extensively in both 3GPP (especially RAN WG1), and also reported in numerous other publications [2-9]. It is generally found that the co-channel macro/pico HetNet performance is maximized by using further enhanced inter-cell interference coordination (feICIC) with Cell Range Extension (CRE) for the picos. By using such techniques, the joint system level performance is significantly improved, resulting in gains for all users independent of whether those are served by the macro- or pico-layer. The reported gains range from approximately 40% to100% in terms of higher end-user thoughput depending on the detailed simulation assumptions. These performance benefits are achieved mainly as a result of better load balancing between macro and pico cells. Using feICIC, where some macro subframes are configured as Almost Blank Subframes (ABS), enables the usage of larger pico CRE values without pico-UEs in the CRE area experiencing interference problems. Note that as long as higher percentage of macro-UEs are offloaded to the pico-layer, as compared to percentage of configured ABS subframes, also macro-UEs gain from using such techniques as the available per macro-UE transmission resources are increased.
From [2-9], it is generally found that the best downlink co-channel HetNet performance with Rel-11 feICIC is obtained by using approximately 9-14 dB CRE for the pico-cells, and configuring 3 to 4 out of every 8 subframes as ABS at the macro-layer. These findings assume Rel-11 UEs with CRS IC [4-5], and medium to high offered traffic. As discussed in [2-9], the optimal feICIC naturally depends on several aspects. So in reality the configuration of pico-cell CRE and macro ABS will be dynamically negotiated between eNBs using the standardized X2 signaling for ABS adjustment (included in Rel-10), as well as existing Mobility Load Balacing (MLB) and Mobility Robustness Optimizations (MRO)  as included in Rel-9 [10].
3.2
Uplink performance optimization
The optimal cell border (i.e. value of CRE) that maximizes the UL performance also depends on the cell load and especially on the configuration of the UE power control (PC). For cases where the open loop power control (OLPC) as standardized in [14] is applied, it has been found from numerous studies that best performance is achieved by using separate OLPC paramerization, depending on whether the UE is having macro or pico as its serving cell [11-13]. For the UL, the OLPC is essentially providing the inter-cell interference management mechanism, and therefore is important to have configured correctly. Given that optimized OLPC parameters are used, the CRE value resulting in the best UL system performance is found to be on the order of 8-16 dB for multi-user co-channel HetNet scenario with medium to high offered traffic [11-13].
4
Conclusion
The presented review of previously reported UL and DL HetNet co-channel performance studies can be summarized by the following three observations:
-
For a single-user scenario (i.e. equivalent to very low offered traffic), the optimal CRE can be up to 16 dB different depeding on whether the system is optimized for DL or UL performance.

-
For a downlink multi-user scenario with medium to high offered traffic, the best performance is typically obtained by using Rel-11 feICIC with CRE values of 9-14 dB.

-
For an uplink multi-user scenario with medium to high offered traffic, the best performance is typically obtained by using separate configuration of UE open loop power control parameters depending on whether the terminal is served by macro or pico, and using CRE values of 8-16 dB.

Given these observations, we draw the following conclusions:

-
For a single-user (or low load) scenario, there are likely performance benefits from having a UE served by a different cell in the UL and the DL. However, the exact benefits and system impact from allowing such options require further studies.

-
For a multi-user scenario with medium to high offered traffic (using DL feICIC and optimized UL power control parameterization), the optimal CRE is approximately the same independent on whether it is set to maximize UL or DL system performance. Hence, for such cases the UL/DL imbalance “problem” seems less relevant, and therefore no significant gains expected from having different UL and DL serving cells for a UE.
So in summary, our overall recommendation is:

-
As the most realistic case is a multi-user scenario, it is suggested to give low priority to further studies of solutions where UEs can have different UL and DL serving cells.

-
Potential solutions with different UL and DL serving cells shall only be considered if possible with minor additional complexity, as gains from such techniques are mainly relevant for single-user cases (low load scenarios).
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5.1.2
UL/DL imbalance issues
In heterogeneous networks, the eNBs have different downlink output power, e.g., macro eNBs with high output power and pico eNBs with low output power. Due to the power imbalance, the best cell to connect with may differ depending on if one considers downlink or uplink performance as illustrated in Figure 5.1.2-1. In Figure 5.1.2-1, the location is depicted on the X axis whereas the received signal strength is depicted on the Y axis. A macro eNB and received macro DL power are depicted in blue. A pico eNB and received pico DL power are depicted in green. A UE with received UL power is depicted in orange. Uplink/ Downlink cell border means that the received uplink/ downlink signal strength is equal at the two eNBs/ UE. The right vertical dashed line shows the downlink cell border which is where the received (from the two eNBs) signal strength is equal. The left vertical dashed line shows the uplink cell border which is where an uplink signal has equal received power at both eNBs. The horizontal dashed line shows that the eNBs receive equal uplink signal strength (Y dBm) from the UE when the UE is on at the uplink cell border.
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Figure 5.1.2-1: UL/DL imbalance issue in HetNet deployments
In LTE, Reference Signal Received Power-based (RSRP-based) cell selection is often used. In this scheme, UEs are associated with the cell from which the strongest downlink power is received. As the macro eNB has higher output power than the pico, UEs may connect to the macro cell even though the path loss to the pico is lower. Due to this the pico cell size is relatively small compared to the macro cell size which can result in low UE uptake and small macro offloading by the pico cell. 
To increase offloading of the macro by the pico cells and to improve uplink performance, there is a need to increase the size of the pico cells. This can be done with the concept of Cell Range Expansion (CRE) [5]. With CRE, the cell selection algorithm can be biased so that a terminal associates to a pico eNB even if the pico cell RSRP is below the macro cell RSRP.  Adopting the RAN1 Rel-12 Small Cell simulation assumptions [3GPP TR 36.872], where the macro and Small Cell Tx power equals 46 dBm and 30 dBm, respectively, there is 16 dB shift in optimal single-user UL and DL cell border. However, when using further enhanced inter-cell interference coordination (feICIC) in addition to CRE, it is generally found that the best downlink co-channel HetNet performance with Rel-11 feICIC for medium to high offered traffic is obtained by using approximately 9-14 dB CRE for the pico-cells, and configuring 3 to 4 out of every 8 subframes as ABS at the macro-layer [R1-114311,R1-114312]. Likewise in the uplink, the optimal CRE that maximizes the UL performance depends on the cell load, but also on the configuration of the UE power control (PC). Given that optimized OLPC parameters are used, the CRE value resulting in the best UL system performance is found to be on the order of 8-16 dB for multi-user co-channel HetNet scenario with medium to high offered traffic [ref].

In summary, for a multi-user scenario with medium to high offered traffic (using DL feICIC and optimized UL power control parameterization), the UL/DL imbalance “challenge” does not seem relevant, and therefore no significant gains expected from having different UL and DL serving cells for a UE. Potential solutions with different UL and DL serving cells shall only be considered if possible with minor additional complexity, as gains from such techniques are mainly relevant for single-user cases (low load scenarios).
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