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1 Introduction
3GPP RAN4 and RAN1 working groups have spend substantial efforts [1]-[15] in the last couple of meetings to address the UE UL emission issue caused by the LO leakage and the Image of the Quadrature Modulator in conjunction with the non-linearity of the Power Amplifier.  One such example is the Band 13 UE UL emission which interferes with the DL of the Public Safety band.  In meeting #49, RAN4 has agreed to an A-MPR framework [15] through NS_07 signaling to manage the UE maximum output power to meet the emission requirement for Band 13.  However the parameters in the Band 13 A-MPR framework are yet to be decided.  In this paper we will review the UE interference issue and recommend to tighten the LO leakage and the Image rejection requirements of the Quadrature Modulator as a way to minimize the required A-MPR for the different regions in the Band 13 to minimize the negative impact to network performance.
2 Sources of UE Transmit Emissions
Let us first review the root cause of the UE UL emission issue.  Figure 1 is a block diagram of the transmit chain of a UE.  The SC-FDMA signal is first generated by the baseband modem through digital signal processing.  Then the digital signal is converted to analog form and adjusted to a suitable level before fed into the Quadrature Modulator (aka, I/Q Modulator).  The Quadrature Modulator then up converts the baseband analog signal to the desired RF frequency for transmission.  The up conversion can be done directly or through an IF stage.  The RF output of the Quadrature Modulator is then adjusted to desirable levels and amplified by the Power Amplifier for transmission through the UE antenna.
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Figure 1
Block Diagram of UE Transmit Chain
Under ideal conditions the output signal from the Power Amplifier is simply the baseband analog signal up converted to the desired RF frequency at the desired power level.  However due to the imperfections in the Quadrature Modulator and the Power Amplifier, unwanted signals  will also be generated in the up conversion and power amplification process which will result in in-band and out-of-band emissions.
Figure 2 is a block diagram of a Quadrature Modulator.  A Quadrature Modulator performs the frequency translation that up converts the baseband signal to the desired RF frequency.  A quadrature modulator consists of a local oscillator (LO) input that is split into in-phase (I) and quadrature (Q) components that are separated by 90°.  These two LO signals drive separate mixers that are also driven by the I and Q baseband signals.  The outputs from both mixers are then summed to provide a modulated carrier at RF frequency.  Because of gain and phase errors between the I and Q branches and DC offset, there will be image and carrier leakage signals in the output in addition to the up converted signal.  The levels of the image and LO leakage signals are typically 35 – 40 dB below the modulated signal, and better performance can also be achieved through compensation and calibration if required.
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Figure 2
Block Diagram of Quadrature Modulator
The output of the Quadrature Modulator will be amplified to the desired power level by the Power Amplifier.  Power Amplifiers exhibit non-linear characteristics in addition to the intended linear amplification.  Non-linearity in power amplifiers is typically characterized by the odd order intermodulation products fall in or near the transmit frequency band.  For example, for input signals {s1, s2} at frequencies {f1, f2} and power levels {p1, p2} dB, the 3rd order two-tone products of interest {im1, im2} will be at frequencies {2f1-f2, 2f-f1} with power levels {2p1+p2+C, p1+2p2+C} dB, where C is a constant for the 3rd order intermodulation factor.
In addition to the two-tone products above, 3rd order intermodulation products can also result from three input signals, these are known as cross-triple-beat products.  For input signals {s1, s2, s3} at frequencies {f1, f2, f3} and power levels {p1, p2, p3} dB, the 3rd order products will be {im1, im2, im3} at frequencies {f1+f2-f3, f1+f3-f2, f2+f3-f1} with power levels at p1+p2+p3+C dB.  In this simplistic model of 3rd order intermodulation, the levels of the intermod products are proportional to the levels of the input signals.  The levels of the 3rd order intermod products change by 3 dB if each of the input signals change by 1 dB.  However, state-of-the-art power amplifiers employing linearization techniques such as pre-distortion often exhibit characteristics of less than 3:1 dB reduction in the intermod levels when the input levels reduce because the linearization is targeted for certain output power ranges.
Figure 3 illustrates the Band 13 UE transmit emission process through the example of PUCCH transmission on the lower edge of the channel.  First the Quadrature Modulator generates an image at f2 and an LO leakage at fc in addition to the PUCCH signal at f1 in the process of up conversion.  Then the Power Amplifier generates 3rd order intermod products between the PUCCH and the image at 2f1-f2, and between the PUCCH and the LO at 2f1-fc.  The 5th order two-tone intermod product between the PUCCH and the image is at 3f1-2f2.  As shown in this example, the 3rd intermod at 2f1-f2 will fall in the Narrow Band portion of the Public Safety band.  Because of the relationship between the level of the intermod and the input signals, the dominant 3rd order intermod products are the two-tone products between the PUCCH and its image or the LO leakage.  Cross-triple-beat products among the three signals will be at lower level because it has two weaker input signals compared to the PUCCH.  5th order intermod products typically are also at lower levels because of the weaker 5th order intermod characteristics and higher proportion of lower level inputs.
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Figure 3
Intermodulation Products of the Power Amplifier

3 Band 13 UE Emissions Management
There are two ways to manage the emissions at the output of the Power Amplifier when the levels of unwanted emission signals are fixed at the input.  Power back off is one way to reduce the levels of intermod products, however there may be impact to the coverage of a network.  Although in principle the levels of the 3rd order intermod changes 3 dB for 1 dB change in each of the input signals, this may not be true for all types of linearized Power Amplifiers.  Another way to address intermod issue is to control the frequencies of the intermod products.  For Band 13, if the PUCCH moves toward the center of the channel by f, the 3rd order intermod will move inward by 3*f.  For adequately large f, the 3rd order intermod will fall in the 2-MHz guard band between the Public Safety band and the Band 13.
In meeting #49, RAN4 has agreed to a framework [15] of UE Additional Maximum Power Reduction for Band 13 through NS_07 signalling to manage the UE emissions using symmetrical PUCCH remapping and power back off, aka, Option 1 solution for Rel-8 of the LTE specifications.  However parameters such as demarcation of the different regions in the Band 13, and associated A-MPR values and restrictions are TBD through future RAN4 efforts.  To minimize the impact to UL coverage, peak throughput, and sector throughput, and to enable successful launch the LTE technology through initial commercial deployment in Band 13, it is important that best performance requirement that can be economically achieved are set for the Band 13 A-MPR table.
4 Quadrature Modulator Performance

In addition to the two methods embodied in the Band 13 A-MPR framework, the performance requirement of the Quadrature Modulator also plays a very import role in managing the Band 13 emissions issue.  Had the Quadrature Modulator not generate the image and the LO leakage components, the intermod products of these with the intended signal would not be the dominant emission products of the Power Amplifier.  In addition, while it is less certain that the 3rd order characteristics of power amplifiers will respond to the level of inputs in a 3:1 dB fashion, for every dB reduction in the image or the LO leakage level one can expect 1 dB less required A-MPR to achieve the same level of emission requirement.  Therefore it is important to take advantage of the state-of-the-art performance of Quadrature Modulator in addressing the Band 13 emissions issue.
Table 1 are examples of the LO leakage and image rejection performance specifications of typical Quadrature Modulators for mobile terminal applications.  As shown in the table the typical uncompensated performance of LO leakage is 35 – 45 dBc, while the worse case considering temperature variation is better than 30 dBc.  For Image Rejection, the typical is 40-45 dBc while the worse case is also better than 30 dBc.
Table 1
Typical Quadrature Modulator LO Leakage and Image Rejection
	Part Name
	Description
	Manufacturer
	LO (dBc)
	LO Max
	Image (dBc)
	Image Max

	MAX2361/3/5
	Complete Dual-Band Quadrature Transmitters
	MAXIM - Dallas Semiconductor
	43
	35
	45
	35

	MAX2510
	Low-Voltage IF Transceiver with Limiter RSSI and Quadrature Modulator
	MAXIM - Dallas Semiconductor
	44
	30
	40
	30

	UPC8105
	1 GHz DIRECT QUADRATURE MODULATOR FOR DIGITAL MOBILE COMMUNICATION
	NEC
	40
	30
	40
	30

	UPC8110
	1 GHz DIRECT QUADRATURE MODULATOR FOR DIGITAL MOBILE COMMUNICATION
	NEC
	35
	30
	40
	30

	RF2483
	LOW NOISE DUAL-BAND QUADRATURE MODULATOR WITH AGC
	RF Micro Devices
	48
	30
	43
	30

	RF2705
	LOW NOISE, MULTI-MODE, QUAD-BAND, QUADRATURE MODULATOR AND PA DRIVER
	RF Micro Devices
	42
	30
	48
	30

	STQ-1016
	250 - 1000 MHz Direct Quadrature Modulator
	Sirenza Microdevices
	38
	30
	42
	34

	U2790B
	1000-MHz quadrature modulator for digital cellular radio systems
	Atmel/Temic
	35
	30
	40
	35


Currently the image rejection and LO leakage requirements for LTE UE are both set at 25 dBc through the IQ-component and the in-band emissions requirements for the UE [16].  Considering the data presented in Table 1 we should tighten these requirements to 30 dBc as the baseline assumption for setting Band 13 A-MPR parameters.
5 Conclusion

We have reviewed the root causes of the Band 13 emissions issue and the current available solutions.  One of the additional means to reduce the levels of emissions and avoid negative impacts of unnecessarily excessive A-MPR is to tighten the LO leakage and Image rejection requirements of the Quadrature Modulator in the UE.  Based on typical specifications of widely available devices, it appears such change in requirements will not prohibit economical implementation of terminals for the Band 13.  We would like to propose an update of the LO leakage and the Image rejection requirements of the Quadrature Modulator for the UE from the current 25 dBc to 30 dBc.
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