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1. Introduction
Spectral efficiency of EUTRA, and consequently, the EUTRA marketability with respect to competing wireless standards, will heavily depend on the types of power control algorithms which are supported by the EUTRA standard definition. As shown in a number of preceding contributions [1][2][3][4][5], the correct choice of supportable power control algorithms can substantially enhance the EUTRA throughput, and consequently, give the EUTRA a competitive edge. Conversely, if a careless choice of supportable power control algorithms is made, the EUTRA would fail to meet the stringent system performance requirements, and consequently, would lose edge to various competitor standards. Thus, an exhaustive study of various power control/settings procedures, and their enablement by the appropriate EUTRA signalling, is expected to become one of the key focal points of the RAN1 body.   

In this contribution, we propose a new and advanced method for performing power control in the EUTRA uplink. Proposed method is named the “Bi-Modal Power Control” (BMPC), which is based on setting signal targets for serving and non – serving mobiles separately [1], and is used in conjunction with the Target SINR adaptation from [2]. When compared against the RAN4 baseline fractional power control (FPC) from [4][5][6], the proposed BMPC method achieves simultaneous gains of 15 – 23 % in both system spectral efficiency, and in the cell – edge spectral efficiency. To begin with, we give an overview of the existing baseline power control methods.
2. Overview of Baseline Power Control Methods
2.1. RAN4 Baseline for LTE: Fractional Power Control (FPC) 

Fractional power control [4][5][6] has been adopted as the baseline power control method by the RAN4 standards body. In FPC, transmission power of each mobile directly depends on the path loss to the serving NodeB, and a number of other pre – determined parameters, which are specific to the FPC. With FPC, transmit power settings of a mobile are computed as
     P = Pmax 
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 min{1, max [Rmin , (Lx-tile / L)α ]}



    (1)

Equation (1) is in linear scale, and following definitions apply: 
· Pmax is the maximum transmission power of the mobile device. 

· L is the path loss to the serving NodeB. This includes “propagation loss,” “antenna gain pattern,” and “shadowing.” These are modelled as per Table 1 below. 
· ( is the pre – set balance factor, with 0 < ( < 1. Its recommended setting in [5][6] is ( = 0.8.
· Rmin is minimum power reduction ratio. Its recommended setting in [5][6] is Rmin = – 54.  
· Lx-ile is the x-percentile path loss. Sweeping over the x-percentile path loss generates a tradeoff between the average spectral efficiency, and the cell – edge spectral efficiency (5% CDF). 
Intuition behind FPC is explained by first considering a benchmark scenario where ( = 1; in this case, FPC simply compensates for distant mobiles by increasing their transmit powers accordingly [3]. Thus, (1) with ( = 1 reflects an objective to maintain the received powers of all mobiles at a constant level [3].  FPC with ( = 0.8 allows cell – interior mobiles to be received at higher powers because they are presumed to cause substantially less interference within adjacent cells [than the cell – edge mobiles]; therefore, path loss has been compensated “fractionally.” Consequently, FPC is expected to perform very well within frameworks in which users close to the serving site are expected to cause little interference in adjacent cells. Nevertheless, in 3GPP system simulation scenarios, users which are close to the serving cell can still cause substantial interference in adjacent cells, and such cases are not addressed well by the FPC. For instance, system simulations below will show that the baseline FPC can be substantially improved upon [by the herein proposed method from section 3], in terms of both spectral efficiency and cell – edge spectral efficiency. 
2.2.  Classic Power Control with Common Target SINR

Classic slow open – loop power control is commonly performed [by the mobile] as 

P = min{Tserv – Lserv + Jserv, Pmax }.




(2)

Equation (2) is in logarithmic [dB] scale, and following definitions apply: 
· Tserv is the target SINR in dB scale, and in the serving cell.

· Lserv is the estimated long-term fading gain from the UE to the serving cell, in dB scale. This includes “propagation loss,” “antenna gain pattern,” and “shadowing.” 

· Jserv total interference seen by the serving cell, in dBm scale.
· Pmax is commonly designated to be the maximum transmit power of the mobile device, in dBm scale. For practical implementations, Pmax may be a pre-defined limit which is actually smaller than the device maximum transmission power.
Clearly, there are a number of different methods to achieve (2). Typically, the mobile is informed about Tserv and Jserv [or sum thereof] through the BCH, whereas Lserv is derived from the total received power at the mobile, and additional broadcasted parameters. 
Setting a low value for the common Target SINR (Tserv) typically results in system under – utilization, and low overall spectral efficiency. In contrast, an overly aggressive setting of Target SINR (Tserv) results in poor cell – edge performance, because it creates excessive interference which can’t be over-powered by mobiles at the cell edge. One effective method for controlling the value of Target SINR (Tserv) is described in [2]. 

The main drawback of the common Target SINR is that it unnecessarily restricts the transmit power of cell – interior users, even when they do not cause much interference in adjacent cells. In order to mitigate this drawback, we propose the Bi-Modal power control (BMPC) method below, which identifies the users that do not cause significant interference in adjacent non – serving cells, and consequently increases their transmit power beyond the common Target SINR. 
3. Proposed Power Control Solution
The proposed power control solution, as a combination of [1] and [2], has following two key features: first, introducing received signal power limitations for mobiles from non – serving cells [described in section 3.1 directly below], and second, controlling Target SINRs adaptively [described in section 3.2].   
3.1.  The Bi – Modal Power Control (BMPC) Description
In order to mitigate the aforementioned drawback which is present in scenarios of common Target SINR, we will introduce a new parameter: target SINR for non – serving mobiles [which will be labelled as Xn]. For a cell “n,” the parameter Xn defines a received signal power level which should not be exceeded by non-serving mobiles, except when they must reach Tserv which is their own target SINR, in their own serving cells. Thus, the key feature of BMPC is that any particular mobile is allowed to increase its transmission power, exceeding the Tserv target in the serving cell, until the point that its received signal in the adjacent non – serving cell “n” starts to exceed Xn. This allows a direct and explicit limitation of interference levels in adjacent non-serving cells, while simultaneously allowing mobiles in the cell – interior to transmit with higher powers. In turn, when mobiles in the cell – interior transmit with higher powers, they are awarded larger MCS values, and consequently consume less bandwidth. This spare bandwidth is then re-used by the NodeB scheduler, to boost throughputs of the cell-edge mobiles. 
       In order to describe BMPC in more detail, we assume a particular mobile, and let the cell N be the “strongest non-serving cell,” [one practical definition of this term is given in (4) below]. Then, transmit power settings of that mobile are given as 
    P = min {max {Tserv – Lserv + Jserv, XN – LN + YN }, Pmax }.


(3)
Equation (3) is in logarithmic [dB] scale, and following definitions apply [in addition to the definitions from the section 2.2 above]: 
· LN is the long-term fading gain, from the UE to the strongest non – serving cell N, and measured in dB scale.
· YN is the total interference as seen by the strongest non – serving cell N, in dBm scale

· XN is the target ratio for the signal from that particular [non – serving] mobile, with respect to the YN interference baseline. The parameter XN can be made mobile – specific, but in simulations below we make it the same for all mobiles, which means that XN can be broadcasted in BCH, for example.

Disregarding the practical Pmax limitation in (3), for simplicity sake, the BMPC power setting (3) has following intuitive interpretation: the mobile is allowed to transmit at a power level which either is given by Tserv – Lserv + Jserv or by XN – LN + YN, whichever is greater. Consequently, mobiles turn out to be power controlled either by the serving cell, or alternatively, by the strongest non – serving cell [the Bi–Modal feature]. Cell – interior mobiles will create little interference in adjacent cells [because LN gain is small], which is why their transmit powers are expected to be XN – LN + YN. This in turn means that cell – interior mobiles will exceed the Tserv target signal level inside the serving cell. In contrast, the cell – edge mobiles will have their transmit powers set to Tserv – Lserv + Jserv, in an attempt to simply reach the Tserv target inside the serving cell.
Finally, notion of the “strongest non – serving cell” [above labelled as N] can be defined in a number of ways. In the below system simulations, the “strongest non – serving cell” is defined as the non – serving cell where the received signal of that particular mobile is the largest with respect to the interference level. Thus, the strongest non – serving cell N is defined as

N = argmin n∈S {Xn – Ln + Yn }.




(4)

Here, “S” is defined as the set of all non – serving cells, from which mobile detects Xn, Ln, Yn. With this definition (4), the BMPC power setting of the mobile becomes as follows   
P = min {max {Tserv – Lserv + Jserv, min n∈S {Xn – Ln + Yn } }, Pmax }.

(5)
Equation (5) is in logarithmic [dB] scale. System simulations for the BMPC from the equation (5) will be compared against the baseline FPC, in section 4 below. Nevertheless, before presenting system simulations, we briefly review the proposed methodology for setting different SINR targets, which are applied within the BMPC operation.  
3.2.  Adapting SINR Targets

As described earlier, setting an overly aggressive Tserv typically results in poor cell – edge performance because the cell – edge mobiles cannot overpower the interference, even when transmitting at the maximum power limit. In contrast, setting an overly conservative value for Tserv typically results in system under – utilization, and low spectral efficiencies. Ideally, from the fairness perspective, Tserv should be set so that it can be reached by all mobiles. In practice, we desire to set Tserv so that a small fraction of mobiles transmits at the maximum power limit, which is the optimizing solution for the cell – edge performance. This was a topic of previous contribution [2], where it was shown that the percentage of mobiles at the maximum power limit can be controlled by adapting Tserv. For example, letting “p” denote the target percentage of mobiles which are at the maximum power limit, and letting q be the actual measured percentage of mobiles which are at the maximum power limit, following algorithm ensures that q will be close to p:
if q < p, then Tserv = Tserv + Δ [dB]
if q > p, then Tserv = Tserv – Δ [dB]




(6)

Here, Δ can be any pre – determined increment value; in system simulations below, we used Δ = 1 dB, but other values can also be used. 

For the proposed BMPC solution, both Tserv as well as the Xn need to be adjusted adaptively. While other solutions are possible, we selected the method where the difference of Tserv – Xn is maintained at a fixed level [Tserv – Xn = 10dB is used in system simulations below]. This results in a simple extension of (6), now for simultaneous adaptation of Tserv and Xn as follows
if q < p, then Tserv = Tserv + Δ [dB], Xn = Xn + Δ [dB]



if q > p, then Tserv = Tserv – Δ [dB], Xn = Xn – Δ [dB]


(7)

Equations (6) and (7) are in dB scale, and algorithm defined by (7) was used for adaptation of the proposed SINR targets in system simulations below [section 4]. 
4. Throughput Comparison: Proposed BMPC Solution vs. the FPC Baseline

4.1.  System Simulation Assumptions

System simulations for 3GPP Case 1 were performed, both with the baseline fractional power control and with the proposed BMPC power control. More specific detailes of the system simulation assumptions are summarised in the Table 1 below. 
Table 1: System Simulation Assumptions
	Parameter
	Assumption

	Cellular Layout
	Hexagonal Grid; 19 NodeBs
Three Cells Per NodeB

	User Drop
	Uniformly Inside the Cell

	Minimum Distance Between UE and Tower
	35 m

	NodeB Antenna Bore Site 
	Towards Flat Side of the Cell

	Inter – Site Distance
	500 m

	Shadowing Standard Deviation
	8 dB

	Path Loss
	128.1 + 37.6log10(R) where R is in kilometers  

	Shadowing Standard Deviation
	8 dB

	Shadowing Correlation
	Between Cells 
	1.0

	
	Between NodeBs
	0.5

	Penetration Loss
	20 dB

	Antenna Pattern
	A = - min {12 (θ / θ3dB)2, 20dB}.
θ3dB = 70 degrees

	System Bandwidth
	2.5 MHz @ 2 GHz

	Numerology
	RB size
	24 Sub – Carriers 

	
	Number of RBs
	6

	Channel Model
	SCM – C 

	UE Velocity
	3kmh

	UE Power Class
	24dBm 

	Number of UE Antennas
	1

	Number of NodeB Antennas
	2

	Receiver Equalizer
	MMSE; Lookup BLER per [7]

	Channel Estimation Penalty
	1dB

	UE Antenna Gain
	0dBi

	NodeB Antenna Gain
	14dBi

	Number of UEs per NodeB/Cell
	18/6

	HARQ Type
	Chase Combining

	Maximum Number of Retransmissions
	5

	HARQ Retransmission Delay
	5 TTI

	Traffic Model
	Full Buffer

	Scheduler 
	Proportional Fair

	Scheduling Delay 
	1 TTI

	Uplink Power Control
	Slow with 40 TTI Period

	MCS Set
	QPSK: {1/5, 1/4, 1/3, 1/2, 5/8} 

	
	16QAM: {1/3, 1/2, 5/8, 3/4}


In order to evaluate the fundamental trade-off betweed the cell – edge and cell – interior throughputs, we have performed a paramater sweep, for each simulated power control solution. For the FPC, we performed a sweep over the Lx-tile parameter. In contrast, for the proposed BMPC power control, we performed the sweep over the target percentage (p%) of mobiles, which are transmitting at the maximum power limit (Target SINR adaptations). Both cell – edge and the cell – average spectral efficiency were recorded, where the cell – edge throughput is defined to be the product of the 5% user throughput and the number of users per cell. 
4.2. System Simulation Results

Table 3: System Simulation Results with Baseline Fractional Power Control (FPC)
	Lx-tile = Perc. Path Loss [dB]
	-121
	-125
	-129
	-134
	-139

	Cell Edge Spec. Eff. 

[bits / sec / Hz ] 
	0.34
	0.40
	0.43
	0.40
	0.31

	Cell Spec. Eff. 

[bits / sec / Hz ]
	0.83
	0.83
	0.8
	0.7
	0.6


Table 4: System Simulation Results with the Proposed BMPC Power Control

	p = Target Perc. Of UEs at the Maximum Power Limit
	0.5%
	2%
	5%
	10%
	20%

	Cell Edge Spec. Eff. 

[bits / sec / Hz ] 
	0.54
	0.53
	0.41
	0.17
	0.10

	Cell Spec. Eff. 

[bits / sec / Hz ]
	0.91
	0.96
	0.96
	0.92
	0.87


The proposed BMPC power control method, in conjunction with adaptive setting of signal targets, simultaneously achieves superior spectral efficiency, and superior cell – edge spectral efficiency. For the proposed BMPC, p = 2% appears to be the point which achieves a good trade-off between the two. For p = 2%, the proposed BMPC achieves spectral efficiency of 0.96 [bits / sec / Hz], and the cell – edge achieves the spectral efficiency of 0.53 [bits / sec / Hz]. Neither of the two values can be achieved by the baseline FPC; in fact, the BMPC solution outperforms the maximum spectral efficiency of FPC (0.83) by 15 %, while simultaneously outperforming the maximum FPC cell – edge spectral efficiency (0.43) by 23 %. In addition, the proposed BMPC exceeds the high – end UL targets. Therefore, we propose its support by the EUTRA standard. 
5. Support of the BMPC in EUTRA
In order to support the proposed BMPC power control solution [in the open – loop manner], the EUTRA standard should mandate and provide the following. 
1. Means for the UE to estimate Tserv – Lserv + Jserv. For example, this can be achieved by
· NodeB broadcasts Tserv + Jserv on the BCH. Broadcasting Tserv and Jserv separately is also possible, if the sum is not broadcasted.  

· NodeB broadcasts [on the BCH] the transmit power used on PSCH, which is consequently used in estimation of Lserv by the serving mobile, or Ln by the non-serving mobile. 

2. Means for the UE to estimate Xn – Ln + Yn. For example, this can be achieved by

· NodeB broadcasts Xn + Yn on the BCH. Broadcasting Xn and Yn separately is also possible, if the sum is not broadcasted.  
3. UE reports when it reaches the maximum power limit. This is required for adaptation of SINR targets. Note that this can be a single – bit reporting.

4. Mobile transmission power settings in (5) should be mandated.
6. Impact of Neighbouring Cell BCH Decoding on BMPC
The BMPC parameters can be transmitted in BCH, as proposed in [8]. It has been agreed that cell – edge UEs should be able to decode neighbouring cells’ BCH [9], whereas this capability still remains undecided for cell – interior UEs. In the following, we discuss its impacts on the proposed BMPC method.
1. Cell – interior UEs can decode neighbouring cell’s BCH

a. BMPC parameters transmitted in BCH [8]: BCH is designed to be robust and provide high coverage, typically by means of strong channel coding, repeated transmission, and diversity. For cell – interior UEs to decode a neighbouring cell’s BCH, coherent accumulation is almost necessary.  For example, if each cell’s BCH is transmitted every 5 ms, then coherent accumulation over 50 ms provide a gain of 10 dB or so for neighbouring cell BCH decoding. Furthermore, the therein latency (due to coherent accumulation) is comparable to how often power control parameters may be updated. 
2. Cell – interior UEs cannot decode any neighbouring cell’s BCH
a. Hardwired BMPC parameter difference: Fixed difference between Tserv and Xn across all cells (used in the simulations). UEs can obtain Tserv from the serving cell’s BCH and calculate Xn accordingly. While this method eliminates the need for cell – interior UEs to decode neighbouring cells’ BCH, it slightly restricts the freedom (in terms of the values for Tserv and Xn) of the proposed BMPC method.
b. No special action: If a UE cannot decode any neighbouring cell’s BCH, the set S defined after equation (4) is empty. In this case, UE transmit power can still be calculated according to equation (3). It is also feasible to increase the UE transmit power (calculated from equation (3)) by a constant value, because this UE is likely to create little interference in neighbouring cells.
c. BMPC parameters communicated through Node-B backbone: Each node-B can transmit the BMPC parameters to its neighbours through the backbone network. After collecting all neighbours’ BMPC parameters, Node-B can broadcast Tserv and Xn in its BCH to the serving UEs. This method relies on inter – Node-B communication. Thus, the latency is expected to be higher than the above two methods.
7. Conclusion

The BMPC power control method simultaneously achieves 15 % gain in spectral efficiency, and 23% gain in cell – edge spectral efficiency, when compared against the RAN4 baseline FPC. The support of the proposed BMPC method by EUTRA requires minimal signalling overhead: most of the necessary parameters should be contained inside the BCH, and the only per – UE overhead [in the item 3, section 5 above] is minimal: it requires an infrequent [once per test of TTI] single bit-reporting in the uplink. We thus propose that EUTRA supports the above described BMPC power control.  
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