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1 Introduction

Band 12 is subject to not only technical but also economical challenges. A typical 3GPP UE receiver likely underperforms in Band 12 due to potentially high interferences and design limitations of the today’s cost and size effective filters. In order to provide more room for an optimized Band 12 UE transceiver, a discussion document [9] has submitted to RAN5. It proposed an additional design room to reduce the concerns with an adjustment in [14] without requiring a change on the core RF specifications. RAN5 created LS [10] to RAN4 to gather opinions in wider expertise.

This document provides:

· A summary of all the interferences considered in the references [2], [3], [4], [5], [6], [7], and [8] in 2008 by 3GPP RAN4.

· Overview of the filters available today and their limitations for Band 12.

· The simulation results for LPTV blocking case.

· Possible solutions to reduce degradations including the solution in [9].

The objective of this document is to seek a solution to enable the efficient and effective use of Band 12 spectrum for the millions of the population in US as much as possible.
The suggested various solution approaches are only for consideration by 3GPP RAN4. The final solution may be any combination of one or more of these approaches as well as potential other approaches that may be identified through further discussions and contributions in this regard.
2 Preliminaries on Region 2 (US) 700 MHz Spectrum
Region 2 700 MHz spectrum is segmented as two adjacent parts: Lower 700 MHz and upper 700 MHz.

The lower 700 MHz consists of the spectrum segments for digital TV and terrestrial cellular network adjacent to each other either with small guard band or with no guard band. See Figure 1 for the partitioning of the lower 700 MHz by FCC. Each block in Figure 1 has 6 MHz bandwidth. High Power TV (HPTV) channels, Ch50 and Ch51, are allowed up to 1 MW ERP emission. Low Power TV (LPTV) channels in Block D and Block E are allowed up to 50 kW ERP. On the other hand, the terrestrial cellular network is allowed up to 6kW ERP. Block A is most problematic due to being the adjacent to LPTV spectrums, Block D and Block E.
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Figure 1: Region 2 Lower 700 MHz Spectrum and Band 12
Currently some operators have Block B and Block C in a significant portion of the geographic areas while some other operators have Block A in majority of the geographical areas, and Block B and Block C in some geographical areas. LTE with 5 and 10 MHz channel bandwidths would be deployed. 

On the other hand, as shown in Figure 2, the upper 700 MHz consists of the spectrums for both terrestrial cellular network and the public safety network (PS and PPP). PPP part of the public safety spectrum is called public-private partnership. This spectrum will be used for both private and public services. Block D was withdrawn from Auction 73 and it is in schedule to re-auction by FCC.
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Figure 2: Region 2 Upper 700 MHz Spectrum
3GPP studied Region 2 700 MHz spectrum in a work item with report TR-25.822 [1]. At the beginning, there were two 3GPP bands in the proposal: one for the lower 700 MHz as Band 12, and another for the upper 700 MHz as Band 13. Band 12 remained as in the initial proposal within TR-25.822 but the upper 700 MHz is split into two 3GPP Bands: Band 13 to cover the upper Block C, and Band 14 to cover the upper Block D and PPP. The reason reported is the different characteristics of Block D due to the public safety network.
Later in 2008, Band 17 (initially known as Band 15) was proposed as a sub-band of Band 12 to cover the lower Block B and Block C. The rationale for this proposal was the technical challenges in Band 12 especially due to possible LPTV emission from the lower Block E. This enables the RF component manufacturers to design Band 17 filters easily with the protection of Block A as a guard band. In addition, Band 17 had the duplex gap of 18 MHz, 6 MHz more than Band 12.
Design Considerations for Band 12
In the sequel below, Block A, B, C, D, and E are said to be the blocks of Region 2 Lower 700 MHz spectrum unless specified otherwise.
2.1 Interference Signal Levels at UE Antenna

Region 2 700 MHz is subject to the interference due to HPTV and LPTV signals. The maximum allowable power is 1 MW ERP from HPTV towers and 50 kW ERP from LPTV towers. The difference is 13 dB.
Figure 1 shows maximum LPTV signal level at UE antenna by distance. Both free space and Hata models are used for comparison. A commercial TV station antenna with 15 dB gain and 20 dB side lope suppression is used as an example. The estimated interference level at UE antenna at 1 km distance from the tower is much below -25 dBm (less than -36 dBm) for urban and suburban Hata models. On the other hand, both Open Hata and free space model reaches to -25 dBm after 3 km.
The morphology of the target coverage area plays an important role on the number of towers, the location and height of these towers, and the transmission power radiated from the towers. In addition, FCC mandates maximum 3000 uW/m2 flux density within 1 km range from the tower. Moreover, the power consumption at the towers is also another factor to limit the transmission power. The transmission power of many TV stations in San Diego is below 500 kW ERP. If we target urban and suburban areas, the maximum power level on UE antenna at 1 km is less than -36 dBm + 13 - 3 = -26 dBm.
In the following analysis we assume, in general, -25 dBm maximum interference levels from HPTV and LPTV transmissions. Obviously, there could be some spots with interference coupled on the UE antenna more than -25 dBm, however either these areas will not be considerably large or UE may have a chance to handover another neighbor channel.
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Figure 1: 50 kW ERP LPTV Signal Level at UE Antenna by Distance
2.2 The De-sense of UE due to Tx Noise in Rx Band

This is function of Tx noise level at Rx band and attenuation applied by duplexer. The study [4] assumes 9 dB NF for a standard 3GPP receiver. This is equivalent to assume -165 dBm/Hz thermal noise level at the reference antenna port. ACLR for 5MHz and 10 MHz LTE is assumed -65 dB and -50 dB, respectively, in [4]. The suppression by the duplexer can be assumed as 48 dB. If maximum Tx power is 24 dBm, then the Tx noise at Rx becomes -156 dBm/Hz and -144 dBm/Hz for 5 and 10 MHz LTE. In combination with the thermal noise, the noise level becomes almost identical to Tx noise levels therefore it causes de-sense about 9.5 dB and 21 dB for 5 and 10 MHz LTE respectively.
The system simulations in [4] shows that the impact to the network capacity is negligible for loaded cells because the UE’s mostly allocated less than 25 resource blocks. However, the impact is large if the cells are very lightly loaded. In this case, the network can assign the uplink and downlink resource blocks with distance as much as possible.
In addition, the maximum transmit power can be reduced to prevent the receiver from de-sense.

Band 12, Band 17, Band 13 and Band 14 are almost identically subject to de-sense by Tx noise in Rx band if certain, currently conventional, filter technologies are used. This is also mentioned in [7] as follows:

“Since the total amount of isolation that can be achieved in a Band 15 duplexer is approximately the same as in a Band 12 device the self-desense issue may not be improved.”
Here Band 15 is the earlier name of Band 17 in a few 3GPP discussions.
2.3 UE Out-of-Band Transmission into Channel 51 and Block D
This is addressed in [5]. The addition maximum power reduction signaling NS_06 is specified in order to meet FCC requirement -13 dBm/100 kHz for frequencies greater than 100 kHz from edge.

2.4 The De-sense of UE due to Out-of-band Emission of LPTV

This is addressed in [7].
If we assume 50kW maximum ERP, this corresponds to 79 dBm EIRP.
FCC regulates the out-off-band transmission of the broadcast channels to be less than -13 dBm/100kHz after 100 kHz away from the channel edge. If this is the case, and the maximum interference power level at UE antenna is assumed to be -25dBm, the interference level becomes -167 dBm/Hz. This is comparable to the thermal noise level for 9 dB NF. However, according to the report, Harris Broadcast Corp., Certification of Compliance for Digital TV Transmitter, March 2007, the measured out-of-band emission is -47 dBm/100kHz. In this case, the interference level becomes 201 dBm/Hz. It is very lower than the thermal noise level and therefore negligible.
2.5 IM3 Distortion

This is addressed in [2], [7], and [8]. The impact is a function of 

a) IIP3 of the receiver at different gain stages,
b) AGC algorithm and the agility and accuracy of interference detection and signal level estimation 

c) The interference signals’ levels at the input active circuits after duplexer, and

d) The energy of the IM3 product falling within the spectrum boundaries of the desired signal.
If we are taking a 3GPP reference transceiver into account we have to focus on the last two factors.

Table 1 shows the possible cases with UE Tx and the interference signals from Ch50, Ch51, Block D and Block E. It is assumed the LTE signals are located to the center of the blocks A, B, C or block pairs AB and BC. The field “Overlap” is the percentage of the desired channel falling within the spectrum of IM3 product. It itself does not imply about the amount of impact but signals the possible concern.
According to current duplexers specifications and simulation results, and in terms of the accepted fact in creation of Band 17, the interference that 6 MHz away from the desired band can be suppressed more than 50 dB including temperature and process variations.  If we assume the maximum power level of Block D is -25 dBm at the UE antenna, it will be suppressed to -75 dBm. A typical 3GPP transceiver has to operate with the interferer signal level up to -56 dBm (in-band blocking, case 1 [12]). Therefore, within the assumptions, it can be conclude that the case with LPTV signal in Block D shouldn’t be a concern for Band 12 in terms of IM3 with the assumption of -25dBm maximum interferer’s level. According to assumption in Section 3.1, we can apply the same calculations for HPTV signals from Channel 50 and Channel 51.

As explained above and in [7], the remaining major concern for Band 12 is the high power interference from Block E on UE Rx due to the lack of filtering. The duplexer filter may not able to attenuate the Block E signal especially at the high temperature where the duplexer filter spectrum shifts down. If we optimistically assume the maximum power level is below -36 dBm at urban and suburban areas as mentioned in Section 3.1, additional -36 – (-56) = 20 dB attenuation could be needed. A conventional duplexer filter may suppress a few dB at high temperature but simply Block E signals reaches the active circuits higher than -40 dBm. However, the impact depends on the energy of IM3 product falling within the channel bandwidth and IIP3 of the receiver. It is convention to design the receiver with multiple gain stages where each gain stage has different dynamic range and nonlinearity. At mid gain stages IIP3 is generally better than -10 dBm. The impact analysis may need a detailed receiver simulation including the major impairments.

Table 1: IM3 Products in association with UE Tx due to 3rd Order Nonlinearity

	Aggressor 1 (F1)
	Aggressor 2 (F2)
	Victim
	IM3 Product Center Freq. (2xF2-F1)
	LTE Chanel Bandwidth
	IM3 Product Bandwidth
	Overlap

	Block A Tx
	Block D, 6 MHz
	Block A Rx
	689 MHz
	5 MHz
	17 MHz
	100%

	Block B Tx
	Block D, 6 MHz
	Block B Rx
	731 MHz
	5 MHz
	17 MHz
	100%

	Block B Tx
	Block E, 6 MHz
	Block B Rx
	743 MHz
	5 MHz
	17 MHz
	100%

	Block C Tx
	Block E, 6 MHz
	Block C Rx
	737 MHz
	5 MHz
	17 MHz
	100%

	Channel 50
	Block C Tx
	Block C Rx
	737 MHz
	5 MHz
	17 MHz
	100%

	Block AB Tx
	Block D, 6 MHz
	Block AB Rx
	734 MHz
	10 MHz
	22 MHz
	100%

	Block AB Tx
	Block E, 6 MHz
	Block AB Rx
	746 MHz
	10 MHz
	22 MHz
	40%

	Channel 50
	Block AB Tx
	Block AB Rx
	719 MHz
	10 MHz
	22 MHz
	10%

	Block BC Tx
	Block D, 6 MHz
	Block BC Rx
	728 MHz
	10 MHz
	22 MHz
	40%

	Block BC Tx
	Block E, 6 MHz
	Block BC Rx
	740 MHz
	10 MHz
	22 MHz
	100%

	Channel 50
	Block BC Tx
	Block BC Rx
	731 MHz
	10 MHz
	22 MHz
	70%

	Channel 51
	Block BC Tx
	Block BC Rx
	725 MHz
	10 MHz
	22 MHz
	10%


2.6 Out of Band Blocking of UE
With the assumption of -25 dBm maximum interference signal level and 50 dB attenuation through duplexer we can eliminate out of band blocking issue due to Channel 50, Channel 51 and Block D. On the other hand, Block E stays as threat. This is analyzed in Section 5.
2.7 Interference from HPTV and LPTV Transmitters to eNodeB Receiver
This is well addressed in [6]. If eNodeB operates at Block A, Channel 51 transmission may de-sense the reception. Since there is no guard band, complete isolation is not possible even high-Q filter is used. One way to create a guard band is to shift the carrier frequencies at least 1 MHz up as will be described in the following sections.
Similarly, Block D impacts eNodeB, if eNodeB is in active operation in Block C. Although Band 17 mitigated issue from Channel 51, it preserves the challenge with LPTV transmission in Block D.

2.8 Interference from eNodeB to Block E Broadcast Rx
The emission mask specification of eNodeB complies with FCC regulations [13]. 

3 RF Filter Components

As summarized above Region 2 700 MHz is full of challenges. RF component vendors have to achieve better specs to make sure a 3GPP transceiver can operate without scarifying from performance. 

At UE side, Power amplifier for Band 17 and Band 12 is identical and there is no issue on availability. The main problem is Rx filter for diversity receiver and duplexer for main Rx/Tx path. 
The challenges for UE Band 12 duplexer are as follows:

(1) Requiring high Tx noise suppression in Rx band

(2) Requiring sharp filter edges to attenuate Block E interference

(3) Requiring less thermal and process variation

The first two above has been mentioned in earlier sections. The last one has significant impact on in-band blocking and IM3 degradations due to Block E interference. The duplexer spectrum can shift about 2 to 3 MHz down or up due to temperature and process variations as shown in Figure 2. For this reason the filter is designed wider than desired bandwidth. Especially in Block E case the interference level can increase significantly.
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Figure 2: Filter variation with temperature
RF component vendors prioritize the new component design in terms of market size. Some vendors do not see any advantage to design a new band 12 duplexer. Instead, they would like to use Band 17 design with center frequency tweaked for a new duplexer covering Block A and Block B. Other vendors have some difficulty on some specs, so they would like to go the design of Block A and Block B duplexer. 
4 LPTV Blocking – System Simulations on a Simplified Nonlinear Receiver
A simplified non-linear UE receiver is simulated to asses the impact of high power signal transmitted within Block E on the performance in terms of SNDR and EVM. Figure 3 shows the block diagram. 16-QAM OFDM Media Flo signal is generated as Block E interferer. Full LTE downlink signal with QPSK modulated subcarriers and CW signal with offset 1MHz from carrier are used for modeling the desired signal for EVM and SNDR measurements, respectively. The nonlinear distortion blocks models IIP3 distortion. IIP3 is assumed to be the equivalent IIP3 relative to UE antenna. Receiver noise is modeled as additive noise and noise figure is set to the equivalent noise figure relative to antenna point. The transmitter noise within Rx band is modeled as white noise for simplicity and added to the noise figure.
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Figure 3: Simulation Model for Blocking Test

The receiver is assumed to operate at mid gain level as the total signal strength in the analog section of the model including the nonlinear block is greater than -80dBm. We assume 5 MHz LTE in the simulations. The subcarriers are QPSK modulated. The other parameters are shown in Table 2.
In the simulation some impairments are not modeled, such as phase noise, IQ imbalances, DC offset, analog distortions except channel filter. These impact the performance at high SNR and nonlinear distortion is small relatively. 
Table 2: The Simulation Parameters
	Parameter
	Unit
	Value
	Comment

	IIP3 at mid gain stage
	dBm
	-8, -7 and -6
	Worst case

	NF at mid gain stage
	dB
	20
	Worst case, excluding Tx noise in Rx band

	Tx noise density in Rx band
	dBm/Hz
	-162
	Tx at 23-1-4 = 18 dBm maximum (4 dB below PUMAX)

	Front-end insertion loss 
	dB
	3.5
	Worst case


The blocking test is simulated with MFLO signal. The Tx power is set to 4 dB below PUMAX. The interference level is set to -25 dBm at the UE antenna. CW signal with -91 dBm signal strength is applied. SNDR at the output of channel filter is measured. The simulations at room temperature give less than 0.5 dB de-sense relative to no interference case. High temperature case is presented in Figure 4. As shown, when 5 MHz LTE channel is centered at Block A, the de-sense goes up to 4 dB. 1MHz shift on the duplexer receive filter response provides up to 2 dB improvement. If 2 MHz shift applied, then up to 7 dB improvement is obtained with de-sense less than 0.5 dB. Figure 5 shows that 1 dB up and down IIP3 change result in +/- 0.5 dB improvement at most.
The second SNDR measurements are done at the output of LTE DL demodulator. The interferer’s level is set to -25 dBm. The results are presented in Figure 6. SNDR at high temperature, without any shift on the duplexer receive response, results in up to 4 dB de-sense. When 1MHz shift applied, then the de-sense drops to less than 2 dB. 2 MHz shift at high temperature gives almost identical result at room temperature without any shift. +/-1 dB change in IIP3 causes about +/-0.5 dB change in SNDR as shown in Figure 7.
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Figure 4: Blocking Test, De-sense relative to No interference
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Figure 5: Blocking Impact Sensitivity to IIP3 Variation
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Figure 6: SNDR Sensitivity to Variations in Guard Band Width at the Output of LTE Demodulator
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Figure 7: SNDR Sensitivity to Variations in IIP3 at the Output of LTE Demodulator 
5 Possible Solutions

As presented above there are two main issues to solve in UE: Blocking and IM3 due to Block E. The solution is to filter Block E as much as possible. Due to limitation on the conventional filter technologies to achieve very sharp filter edges and less temperature/process variation, the solution requires a creation of guard band.
Similarly, we have Channel 51 and Block D interference into eNodeB receiver. This also demands guard band for economical and easier solution.

5.1 Solution A: Re-define Band 12, and Block Boundaries
Re-arrange the owners’ spectrums in the lower 700 MHz and re-define Band 12 with guard bands as shown Figure 8. This arrangement will allow single duplexer design with significantly mitigating blocking and IM3 issues dependent on Block E in UE. It also allows some filtering room at eNodeB for alleviating blocking concern from Channel 51 and Block D. The duplex gap is increased to minimum 15 MHz from 12 MHz.
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Figure 8: Solution by re-arranging Band 12 and block boundaries
This is a representative solution to provide an overview of what could be done from engineering perspective. This solution should not impact any existing 10 MHz LTE network deployment in Band 17 as shown in Figure 8. 
5.2 Solution B: Relax the Test Frequencies for Band 12 
This is what proposed in [9]. It keeps the core RF specification intact. It requires only test frequencies changes in TS 36.508. The goal is
1) To create the guard bands of 1 MHz between 

a) Channel 51 and Band 12 UL, and 

b) Block E and Band 12 DL
2) To allow dual duplexer architecture to cover whole Band 12 with one duplexer for Block A&B and another for Band 17.
The guard band creation is crucial to reduce blocking impact at UE and eNodeB due to Block E and Channel 51, respectively. This solution requires
1) To shift the low end test frequencies 1 MHz up optionally

2) To keep 10 MHz LTE test at mid frequencies optional

Block A&B duplexer uses the 1MHz guard by shortening the bandwidth from the lower end. Currently same PA is specified by some RF vendors for Band 12 and Band 17. Therefore single PA with a high power switch can be used in the dual duplexer approach. Similarly at receive side, single RFIC port can be used with RF switch. However, the insertion loss and other factors have to be evaluated in a complete radio design for specific implementations in practice.
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Figure 9: The guard Band Creation by Test Frequency Relaxation
5.3 Solution C: Define a New Band XY for Block A and Block B
This achieves the goal of Solution B if the 1-MHz guard bands are designated by either
a) Test frequency relaxation (Figure 10), or

b) Reducing the new band width by the guard band width from the lower end (Figure 11).
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Figure 10: New Band XY with 1 MHz Guard Band Defined by Relaxing the Low End Test Frequencies
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Figure 11: New Band XY with 1 MHz Guard Band by Shortening Block A from Left End
6 Evaluation of Solutions
The solution A allows us to operate in a geographic area over 15 MHz with single duplexer. It provides 2 MHz and 1 MHz guard bands for both ends of UL and DL spectrum. The upper end of DL spectrum from upper end can be removed to increase the guard band between Block E and Block A from 2 MHz to 3 MHz.
The solution C requires dual duplexer approach. Only 5 and 10 MHz LTE operations are possible. Similar solution can be achieved with Solution C and Band 17 together by using dual duplexer approach.
Table 3 compares the possible spectrum usages in terms of in-band blocking and IM3 with Tx signal leakage aspects. The table lists the guard bands that can be used to reduce the impact at each usage.

Table 3: Comparison of Possible Solutions for LTE
	Spectrum Usage
	Consideration
	Aggressor
	Victim
	Solutions(*)

	
	
	
	
	A
	B
	C
	B17
	B12

	5 MHz in Block A
	Blocking
	Block E
	UE Rx
	2
	1
	1
	N/A
	0

	
	IM3 w/ Tx leakage(**)
	Block E
	UE Rx
	No
	No
	No
	N/A
	No

	
	Blocking
	Ch. 51
	eNodeB Rx
	2
	1
	1
	N/A
	0

	
	Blocking
	Block D
	eNodeB Rx
	1
	6
	6
	N/A
	0

	5 MHz in Block B
	Blocking
	Block E
	UE Rx
	2
	1
	1
	6
	0

	
	IM3 w/ Tx leakage
	Block E
	UE Rx
	2
	1
	1
	6
	0

	
	Blocking
	Ch. 51
	eNodeB Rx
	2
	1
	1
	6
	0

	
	Blocking
	Block D
	eNodeB Rx
	1
	6
	6
	0
	0

	5 MHz in Block C
	Blocking
	Block E
	UE Rx
	2
	6
	N/A
	6
	0

	
	IM3 w/ Tx leakage
	Block E
	UE Rx
	2
	6
	N/A
	6
	0

	
	Blocking
	Ch. 51
	eNodeB Rx
	2
	6
	N/A
	6
	0

	
	Blocking
	Block D
	eNodeB Rx
	1
	0
	N/A
	0
	0

	10 MHz in Block A&B
	Blocking
	Block E
	UE Rx
	2
	1
	1
	N/A
	0

	
	IM3 w/ Tx leakage(***)
	Block E
	UE Rx
	2
	1
	1
	N/A
	0

	
	Blocking
	Ch. 51
	eNodeB Rx
	2
	1
	1
	N/A
	0

	
	Blocking
	Block D
	eNodeB Rx
	1
	6
	6
	N/A
	0

	10 MHz in Block B&C
	Blocking
	Block E
	UE Rx
	2
	6
	N/A
	6
	0

	
	IM3 w/ Tx leakage
	Block E
	UE Rx
	2
	6
	N/A
	6
	0

	
	Blocking
	Ch. 51
	eNodeB Rx
	2
	6
	N/A
	6
	0

	
	Blocking
	Block D
	eNodeB Rx
	1
	0
	N/A
	0
	0


(*) The numbers in “Solution” fields indicates the amount of the guard bands in MHz for the consideration.
(***) 0% overlap. See Table 1.
(***) 40% overlap. See Table 1.
7 Conclusion
As stated at the very beginning of this document, the objective is to initiate a collective effort to find an agreed solution for Region 2 Lower 700 MHz.
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