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1. Introduction

In the RAN#47 meeting in Vienna, a new work item was approved to introduce the support for LTE 2.6GHz TDD operation in the US into the relevant LTE standards [1].  
This contribution studies the relevant technical issues on frequency band definition, and proposes that US 2.6G TDD LTE band is defined from 2496MHz to 2690MHz. The technical analysis presented in this paper complements the overview of U.S. regulatory issues [2] that have an impact on the band definition on 2.6GHz band in US.  This paper first gives a general analysis on the coexistence issues of U.S. 2.6GHz TDD band, and then demonstrates that the overall front-end module (FEM) power efficiency of Band [41] UE remains comparable to its Band 7 FDD counterpart while guaranteeing in-device ISM coexistence. 
2. Co-existing with other technologies
2.1
Coexistence issues of US TDD LTE 2600MHz band
The Band [41] co-existing issues with other technologies occur at the band edge: the upper band edge of 2690MHz,  and the lower band edge of 2496MHz. [2] provides a detailed description of FCC regulatory issues on 2.6GHz band in U.S with respect to band arrangement, ownership structure and band edge emission (BEM) that have an impact on the band definition.

At the upper band edge of 2690MHz, there is no coexistence issue except for observing the general BEM. Since the immediate spectrum above 2690MHz is reserved for radio astronomy stipulated by FCC, the only requirement is to observe three quiet zones, which are Green Band, WV, Arecibo, PR and Table Mountain, CO in US. This can be achieved rather easily by network planning. In other words, as long as no eNBs are deployed close to these areas, LTE UEs will not cause interference to the reserved radio astronomy frequency. 

But the lower band edge of 2496MHz is in close proximity to high end of ISM spectrum widely used for WLAN and BT. As a result, the coexistence issues between LTE systems, e.g. LTE FDD Band 7 and TD-LTE Band 40, and WLAN/BT has been identified and studied [3],[4]. In particular, [4] studied the coexistence between LTE and WLAN and showed that the coexistence between LTE BS and WLAN AP/SS can be solved effectively by proper site planning and engineering. 
However, the coexistence issue between LTE and WLAN in the same multi-mode UE remains the most technical challenging one. On the other hand, WLAN/BT will be an integral part of high end LTE devices and the utilization of those LTE devices as AP with LTE as backhaul will be becoming increasingly popular. Thus, in-device coexistence between LTE and WLAN/BT technologies needs to be addressed for Band [41] UE due to the close proximity between Band [41] lower band edge and high end of ISM spectrum. This paper, therefore, focuses on demonstrating the feasibility of enabling in-device TD-LTE and WLAN/BT coexistence. 

The ISM WLAN at 2.4G operates on eleven channels from channel 1 to channel 11, and each channel occupying 22MHz bandwidth.  Almost all WLAN devices use one of three non-overlapping channels, namely channel 1 centred at 2412MHz, channel 6 at 2437MHz and channel 11 at 2462MHz.  More specifically, the highest used WLAN channel in US is channel 11 that stops at 2473MHz. 
Another technology widely used in ISM band is BT, operating from 2402 to 2480MHz. To avoid interfering with other technologies, the BT divides the band into 79 channels (each 1 MHz wide) and adopts frequency hopping to change channels 1600 times per second. 
In summary, with start frequency of 2496MHz, Band [41] has 23MHz inherent guard band to WLAN and 16MHz to BT respectively. 
2.2 
MCL analysis for TD-LTE in-device coexistence with WLAN/BT 
2.2.1   WLAN/BT aggressor and TD-LTE victim
First, we study the scenario of WLAN as aggressor and TD-LTE as victim to derive the minimum coupling loss (MCL) requirements. Mainly, three LTE receiver impairments are to be considered: receiver saturation, blocking and desensitization. The maximum WLAN power level of 15dBm is assumed for the analysis.
TD-LTE receiver saturation occurs if WLAN signal presented exceeds the compression point of the receiver LNA. Assume that a typical LTE receiver 1dB compression point of -25dBm, the required MCL for avoiding saturation is 15dBm – (-25dBm) = 40dB.
As specified in 3GPP standards, the LTE receiver shall be able to stand 5MHz blocker of -44dBm with 10MHz guard band. Since the guard band between LTE Band [41] and WLAN is 23Mhz that is larger than 10MHz, the required MCL for avoiding blocking is 15dBm – (-44dBm) = 59dB. 

OOB emissions from WLAN aggressor could cause severe TD-LTE receiver desensitization if left un-mitigated. To achieve less than 1dB desensitization, the maximum interference level is the victim’s noise floor plus its noise figure (NF) and then minus 6dB. For 3dB desensitization, the maximum interference level is equivalent to the victim’s noise floor plus its NF. Thus, assuming a noise figure of 6dB for TD-LTE receiver, the target maximum interference level for 1dB and 3dB desensitization is -114 and -108dBm/MHz, respectively. Similarly, the target maximum interference level for a 1dB and 3dB desensitization for TD-LTE UE receiver with 3GPP specified NF 9dB is -111 and -105dBm/MHz, respectively
WLAN transmit emission mask of 2.4G IEEE 802.11g depicted in Figure 1, which is exactly the same as IEEE 802.11a,  specifies that OOB emissions at 30MHz carrier frequency offset shall be 40dB less relative to maximum. Assuming WLAN maximum transmit power is 15dBm over 18MHz bandwidth, the required MCL for 1dB desensitization is 15dBm – 10*log10(18) – 40dB – (-114dB) = 76dB; and the required MCL for 3dB desensitization is 70dB for a TD-LTE UE receiver with 6dB NF. Similarly, the required MCL for 1dB and 3dB desensitization for a receiver with 9dB NF can be shown to be 73dB and 67dB.
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Figure 1: WLAN transmit spectrum mask

The above MCL calculations are rather conservative as it is based on the maximum transmit WLAN transmit OOB. Yet transmit OOB emission of the current WLAN devices is more stringent than the minimum required by the IEEE specifications, typically by 10 to 20dB margin. Consequently, it is safe to assume that a MCL of 60dB is sufficient to limit the TD-LTE UE desensitization to the acceptable level. 
As BT transmit power is generally much lower than 15dBm adopted for WLAN transmitter in the above analysis, the MCL of 60dB for protecting TD-LTE UE from saturation and blocking from WLAN transmitter is therefore more stringent than what required for BT and TD-LTE coexistence. Regarding to desensitization, BT transmit OOB experienced at 16MHz offset from 2496MHz shall be less than -40dBm/MHz, as specified in BT specification that transmit OOB shall be less than -40dBm/MHz for frequency offset | M – N| >= 3 where M, N are channel numbers for 1MHz bandwidth channel. Taking into consideration 15dB of transmit OOB emission implementation margin, as what assumed for WLAN transmitter, 60dB MCL is also recommended for protecting TD-LTE UE receiver desensitization from BT transmit OOB emission.
In conclusion of the above analysis, 60dB is suggested as the appropriate value of MCL for protecting TD-LTE UE from the saturation, blocking and desensitization caused by either WLAN or BT.
2.2.2  TD-LTE aggressor and WLAN/BT victim

As no blocking requirement is specified for WLAN receiver in IEEE standards, we adopt the test results presented in [3] as the maximum signal level of the blockers, which is -40dBm for a WLAN 27dBm power class device and -35dBm for a 23dBm power class device at 30MHz centre frequency offset. Note that the highest allowable WLAN channel is 11 in U.S with centring frequency 2462MHz. Thus, in case that a TD-LTE UE transmits with maximum transmit power of 23dBm, the required MCL to protect WLAN from blocking is 23dBm – (-40dBm) = 63dB for a power class 27dBm device and 23dBm – (-35dBm) = 58dB for a power class 23dBm device. It is unlikely that a WLAN/TD-LTE multi-mode UE would support 27dBm WLAN transmit power, which is higher than the maximum LTE transmit power of 23dBm. Hence, the required MCL of 58dB is recommended for avoiding WLAN blocking from co-existing TD-LTE aggressor.
Since MCL requirement for blocking is more stringent than that required for saturation, the same blocking MCL requirement for blocking is applicable for avoiding saturation. 
The maximum interference level for 1dB and 3dB desensitization for a WLAN receiver with 6dB NF is -114 and -108dBm/MHz, and is -111 and 105dBm/MHz for a WLAN receiver with 6dB NF, respectively. As the spurious emission of LTE UE is specified to be -30dBm/MHz, the MCL for 3dB desensitization of a WLAN receiver with 6dB NF is -30dBm – (-105dBm) = 75dB. Again, taking into account that TD-LTE transmit OOB emission is typically less than what specified in standards, we assume that transmit OOB emission is -45dBm/MHz and suggest 60dB MCL to ensure WLAN receiver desensitization within the acceptable range.  
Thus, 60dB MCL is recommended to ensure either WLAN or BT receiver against saturation, blocking and desensitization from aggressing TD-LTE transmitter.
3. ISM and LTE coexistence technique
3.1 
Proposed approach based on hardware
LTE and ISM coexistence issues are well recognized and studied for Band 7 and Band 40. In particular, the coexistence issues between Band 40 and ISM band are more severe than what between Band [41] and ISM. Unlike zero guard band between Band 40 and ISM band, there is inherent 16MHz guard band between Band [41] and ISM, which can be utilized for mitigating coexistence issues.
Several approaches have been proposed to address LTE and ISM coexistence issues. One approach is software time-sharing scheduling that splits Tx/Rx between LTE and WLAN/BT which is considered as an optimal choice for in-device coexistence, especially for adjacent frequencies in-device coexistence issue. Also, there are ongoing 3GPPP activities aiming to find a solution through RAN2 signalling/procedure/mechanism [5]. Another approach is to deal with interference by hardware configuration. Since the inherent guard band gap is 23 MHz between Band [41] and WLAN,  and  16MHz between Band[41] and BT, which is comparable to the guard band of 20MHz between Band 7 and ISM, the approach of using separate antennas for LTE and WLAN/BT and state-of-art filters is feasible for solving Band [41] and ISM coexistence issue.  In the remainder of this contribution, we adopt the hardware based approach to demonstrate its feasibility for solving Band [41] and ISM in-device coexistence issues. 
Assume that UE is equipped with separate antennas for TD-LTE and BT/WLAN, and the isolation between two antennas is 15dB. The separate antenna configuration for TD-LTE and BT/WLAN is clearly more favourable than sharing an antenna with respect to coexistence within the UE. As analyzed previously, a MCL of 60dB is recommended to ensure in-device coexistence of TD-LTE and ISM WLAN/BT. Filters in TD-LTE FEM, therefore, are required to have 45dB stopband rejection in ISM band 2400-2480MHz.
While using a single wideband filter covering the entire Band [41] while guaranteeing coexistence with ISM is possible, this approach results in relatively high filter insertion loss. It is known in filter design that the passband bandwidth, the available guard band and the passband insertion loss are tradeoffs to each other. Though it is possible to meet 45dB rejection in ISM band at the price of high insertion loss in passband 2496 – 2690MHz, this would lead to unfavourable power efficiency of FEM. Since FEM is one of the most dominant power consumption modules in mobile devices, low FEM power efficiency could considerably shorten battery life before recharge and result in poor user experience. 
The difficulty of designing a single wideband filter with low passband insertion loss motivates us to propose an alternate filter architecture consisting of multiple filters and a RF switch for enabling in-device coexistence with WLAN/BT. The proposed multiple filter architecture not only ensures the coexistence with WLAN/BT but also achieves high overall FEM power efficiency. Figure 3 depicts the diagram of the filter architecture consisting of two filters as an example.
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                                              Figure 2: Reference Band [41] FEM Architecture
The main benefit of multiple filters architecture is the lower passband insertion loss, thus leading to higher FEM power efficiency. By splitting into two filters, the filter with passband (e.g. 2496-2570MHz) close to ISM band edge could have lower insertion loss given the reduced passband bandwidth, and the other filter with passband (e.g. 2550 – 2690MHz) far away from ISM band edge could exploit substantially larger guard band to achieve low insertion loss as well. Moreover, the rejection of BPF 2 with passband 2550-2690MHz could be relaxed to 20dB to take advantage of additional LTE UE transmit emission power roll-off when the passband  starts at 2550MHz. This stopband rejection relaxation is essentially the result of 25dB to 30dB more UE transmit emission power roll-off at 70MHz frequency offset than at 20MHz frequency offset for a typical 20MHz LTE UE PA. Consequently, the insertion loss over the entire Band [41] is lower than the case of one single filter, and sufficient rejection in the ISM band 2400-2480MHz is also achieved for coexistence with WLAN/BT as well. 
3.2 
Performance results of the proposed filter architecture
A few options of the proposed multiple filter architecture have been investigated and evaluated with simulation support from leading filter manufactures. Various factors, e.g. performance, costs, alignment with Band 7 duplexer or Band 38 filter, contribute in the selection of reference filter architecture. Among all filter architecture options investigated, the one consisting of one filter with passband 2496-2570MHz and the other filter with passband 2550-2690MHz is selected to be presented here as an example to illustrate that both low passband insertion loss and WLAN/BT in-device coexistence can be achieved with the current filter technologies. Note that the passbands of these two filters overlap 20MHz with each other from 2550-2570MHz to ensure seamless filter passband 2496-2690MHz even in case of a TD-LTE UE with the maximum bandwidth of 20MHz.
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Figure 3: Frequency response of the proposed filter architecture
Figure 3 shows the simulation results of typical filter performance at room temperature for BPF 1 and BPF 2. The rejection of BPF 1 with passband 2496-2570MHz is higher than 45dB in the stopband 2400-2480MHz to guarantee WLAN/BT in-device coexistence. Also, the rejection of BPF 2 with passband 2550-2690MHz meets the requirement of 20dB, which takes advantage of additional LTE UE transmit emission power roll-off when its passband starts at 2550MHz. The passband insertion loss of BPF 1 and 2 are shown in the upper part of Figure 3, respectively. As shown in the passband insertion loss curve located in the upper part of Figure 3, the maximum insertion loss is 2.2dB at the corner and the typical insertion loss 0.9dB over the passband 2496-2550MHz of BPF 1. Also, the maximum insertion loss is 1.7dB and the typical insertion loss 1.5dB over the passband of 2550-2690MHz of BPF 2. Taking into account of the additional 0.5dB insertion loss of BPF switch, the maximum insertion loss of the proposed filter architecture over 2496-2690MHz is 2.7dB, occurring not surprisingly at the edge of 2496M. Similarly, the typical insertion loss over the entire bandwidth of Band [41] is less than 2dB. Clearly, the proposed filter architecture achieves better performance than a single wideband filter in terms of insertion loss and stopband rejection and satisfies the requirements for both coexistence and low insertion loss. 
Figure 4 depicts the frequency response of Band 7 duplexer from the same filter vendor that has over 45dB rejection in ISM stopband 2400-2480MHz. Note that its maximum Tx insertion loss is 1.9dB at the edge of 2500MHz and its typical Tx insertion loss over 2500-2570Mhz 1.5dB. Compared with Band 7 duplexer, the proposed filter architecture for Band [41] achieves almost the same Tx insertion loss if the extra 0.5dB insertion loss of BPF switch is excluded. 
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Figure 4: Frequency response of Band 7 Duplexer

To ensure the required level of rejection is achieved across all filters and over the operating temperature range, the filter guard band has to take into account not only the slope of the filter but also the manufacturing variation in frequency centring from filter to filter and the temperature tolerance. Generally, manufacturing variation and temperature motion need to be examined for each filter with its vendor. Assume that a typical state-of-art FBAR filter with manufacturing variation of 0.10% and temperature motion coefficient of -30 ppm/°C.  Then, a FBAR filter with cutoff frequency 2496MHz and temperature range of -20°C to 80°C has
· Manufacturing variation is 0.10%*2496MHz = 2.496MHz; 
· Temperature motion = Temperature motion coefficient *temperature range*Cutoff Frequency= -30 ppm/°C *(80-(-20) °C)*2496MHz = 7.488MHz. 
In total, this filter’s guard band margin for manufacturing tolerance and temperature motion is about 10 MHz. The slope of a FBAR filter is generally very steep thanks to its extreme high Q factor. For instance, there are 1900MHz “G block” duplexers currently available that reach 50dB rejection with the filter slope less than 4MHz. With the current filter technologies, it is feasible to design a FBAR filter for LTE and WLAN/BT coexistence with about 5MH filter scope, thus requiring 15MHz guard band that is less than the inherent 16MHz guard band between BT and Band [41]. 
It is worth noting that the primary purpose of presenting the filter architecture of two filters is to demonstrate the feasibility of guaranteeing in-device WLAN/BT coexistence without sacrificing FEM power efficiency. This architecture by no means implies sub-banding approach in standards specification, for there are multiple options of filters configuration possible and open for implementation. Any sub-banding would greatly limit the choice of implementation. More importantly, Clearwire holds spectrum over the whole band from 2496MHz to 2690MHz, but its spectrum holding varies in a market by market basis. Any limitation imposed by sub-band would create substantial difficulty in flexible deployment.
Furthermore, as filter technologies advance over time, a single wideband filter approach might become feasible with little or no performance degradation in near future. Furthermore, the frequency hopping nature of BT would greatly alleviate the detrimental effect caused by LTE transmit OOB power. On the other hand, the generally very low transmit BT power in conjunction with frequency hopping means LTE receiver is unlikely to suffer desensitization for BT OOB transmit noise. 
4. Front-end module power efficiency discussion 
Wideband PA modules are becoming increasingly popular due to the wide acceptance of multi-band smart phones and the multitude of 4G LTE bands around the globe. The advance of PA technologies also made feasible to design a wideband amplifier with consistence performance over couples of hundreds of bandwidth. Currently, many wideband PA modules are available or under development for 4G mobile broadband devices. For instance, there are over one million Clearwire WiMax devices in live market equipped with wide-band PA supporting 2496-2690MHz. Moreover, many PA designed for Band 7/38 can be optimized for Band [41] with little or no major modification. Figured 5 depicts the measured results of one wideband LTE by a top PA vendor. Clearly, the performances, e.g. ACLR and PA efficiency, are consistent over the entire spectrum from 2.3-2.7GHz. In particular, the variation of key performance indicators with respect to frequency is negligible over the frequency range of Band [41] from 2496-2690MHz. 
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Figure 5: Wideband LTE PA performance with LTE 20MHz 100RB 16QAM

As PA in FEM consumes significant amount of power in a UE, a high power-added efficiency (PAE) is essential to ensure long operating hours before UE battery recharge. The PAE refers to the ratio of RF power generated by the amplifier to the DC power supplied, and is calculated as PAE = (Output RF Power – Input RF Power) / (DC Supply Current × Power Control Voltage). Due to insertion loss incurred by other components in FEM, PA output power has to be boosted to maintain the same RF power at antenna output port. Thus, in addition to having a high efficient PA, the overall insertion loss of other passive components needs to be minimized to ensure high power efficiency of FEM. 
Table 1 compares the overall power efficiency of FEM for TDD Band [41] and FDD Band 7. For Band [41] FEM, the proposed multiple filters with the performance characterized in Figure 4 is used to ensure coexistence with WLAN/BT. For Band 7 FEM, the duplexer shown in Figure 5 is used for mitigating coexistence issues with its performance. Since Band 7 Tx frequency is 2500-2570MHz, which is a subset of the Band [41], the insertion loss measured at 2500MHz is used for an apple-to-apple Band 7 and Band [41] Tx FEM power efficiency comparison at common reference frequency. At frequency of 2500MHz, the insertion loss of Band [41] filter is 1.5dB and the Tx insertion loss of Band 7 duplexer is 1.9dB. Each RF switch is assumed to have a typical insertion loss of 0.5dB, thus resulting in 1dB insertion loss for two switches in Band [41] and 0.5dB for one switch for Band 7, as Band [41] requires one additional switch for filter selection. Also, Both Band [41] and Band 7 FEM utilize the wideband LTE PA characterized in Figure 5. The current drain is 450mA at 26dB PA output power as indicated in Figure 5, which corresponds to the maximum PA output power of TDD and FDD. Note that the current drain difference between 25.9dB and 26dB PA output power is negligible, so we use the same value for both. 
	
	TDD Band [41]
	FDD Band 7

	 PA Output Power
	26dBm
	25.9dBm

	FDD duplexer loss (Band 7)
	-
	1.9dB

	TDD filter loss (Band [41])
	1.5dB 
	

	RF switches loss
	1dB
	0.5dB

	Cable loss
	0.5dB
	0.5dB

	Tx antenna port power 
	23dBm
	23dBm

	PA current drain
	450mA
	450mA

	Power control voltage
	3.3V
	3.3V

	PA Efficiency 
	30%
	30%

	Energy drawn from battery
	1.48W
	1.48W


Table 1: Power efficiency comparison between Band [41] vs. Band 7 FEM in case of ISM coexistence
The results of energy drawn from battery at the maximum antenna output power of 23dBm, as presented in Table 1, show that Band [41] FEM overall power consumption is no more than that of Band 7. In other words, Band [41] devices pose no power consumption disadvantage compared with Band 7 devices, thanks to the consistent wideband PA performance over the entire Band [41] frequency range and the almost equivalent insertion loss of Band [41] and Band 7 FEM. Moreover, with further optimization and fine-tuning, the PA vendor expect the efficiency of this PA would improve from its current level of 30% to 40% by the end of 2010.
5. Summary & proposal

The in-device coexistence issues for Band [41] with ISM technologies can be solved either by high layer solutions or current state-of-art filter design. It is proposed to endorse the attached text proposal that the frequency band for US 2.6G TDD LTE band starts from 2496 to 2690MHz. 
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Technical aspects related to band definition of Band [41] has been studied in [8]. It is proposed that the frequency band for US 2.6G TDD LTE band starts from 2496 to 2690MHz. 
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