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Background
In this contribution we discuss a UE reference architecture for setting minimum RF requirements in the 30 GHz range.
The reference architecture is based on a realistic antenna arrangement on a device of “typical form factor” for the mobile service (e.g. a hand-held device). The UE reference is assumed to be capable of some type of beam forming in connected mode. In addition to beam forming, (almost) omnidirectional coverage is also required for some modes or use cases (e.g. initial access, paging etc.). The number of layers supported in a UE is not decided but there will most likely be different types of UEs with different requirements. We assume an architecture supporting at least 2 layers. 
All the above will influence the antenna arrangement and thus also the RF architecture.
Link budget
In order to determine the reference architecture a general link budget example is discussed. Assuming eMBB use case in connected mode will require an SNR in the order of 15 - 20dB. The following link budget examples for UL and DL are shown:
Link budget for Downlink Transmission
	Assumptions as an example, DL, 28GHz, UMa, LoS
	Comment

	Required SNR
	15dB
	Depending on rank. To be studied further. Sustained data transfer at cell edge.

	Channel BW
	400MHz
	eMBB use case (DL Transmission BW=Channel BW)

	Target range
	133m
	ISD=200m

	Path loss UMa, LoS
	104dB
	 PL = 32.4dB + 20log(f) + 20log(d), f[GHz], d[m]

	Additional blockage loss
	6dB
	

	Total path loss 
	110dB
	

	BS output power  (PBS TX)
	23dBm
	Conducted power

	Average BS Beam Forming gain (GBS )
	18dB
	Assuming 32 patch antenna elements

	BS EIRP
	41dBm
	

	UE NF
	10dB
	

	Required UE input power
	-62dBm
	PUE RX (dBm)= -174dBm + 10log10B+NF +  SNR

	Required UE antenna gain (GUE)
	6dB
	GUE = PBS TX + GBS – PPL - PUE RX 

	UE antenna element gain
	2dBi
	Nearly omnidirectional antenna element

	Required UE Beam Forming gain
	5dB
	Average Beam Forming gain assuming 4 elements

	Required No of elements / array (UE)
	3.2
	Ideally minimum 105/10 =3.16, practically 4




Link budget for uplink transmission
	UL Assumptions 28GHz, UMa, LoS
	Comment

	UL Transmission BW
	200MHz
	Assuming less UL than DL data, channel BW 400 MHz

	Required SNR
	15dB
	Depending on rank. To be studied further. Sustained data transfer.

	BS NF
	10dB
	

	BS required input power (conducted) (PBS RX )
	-65dBm
	PBS RX (dBm)= -174dBm + 10log10B+NF +  SNR

	Target range
	133m
	ISD=200m

	Path loss LoS
	104dB
	 PL = 32.4dB + 20log(f) + 20log(d), f[GHz], d[m]

	Outdoor penetration loss (body etc.)
	6dB
	Total path loss 110dB

	Total path loss (PPL)
	110dB
	

	BS Beam Forming gain
	18dB
	

	Required UE EIRP
	27dBm
	PUE EIRP  = PBS RX + PPL - GBS

	UE antenna gain
	7dB
	Including Beam Forming gain from 4 elements

	UE conducted output power
	20dBm
	



It can be seen from this simplified LoS example that beam forming (BF) gain is needed in the UE. Moreover, receivers in UE and BS are as a first approximation of similar performance. The required receiver input power is dependent on channel BW and required SNR. In the above example the UL and DL link budgets are similar. However, in this example we assume 23dBm conducted output power from the BS and 20dBm from the UE. The transmission BW is assumed not to be equal in the UL and DL cases.
Antenna arrangements
Initial access is discussed in RAN1 and not decided yet. For a use case including mobility where the orientation of the UE and thus the directions to the base stations are unknown the UE has to access a substantial part of the sphere, somewhat dependent of the user location and deployment scenario. In these and similar cases where the UE can access only one BS (or just a few beams from the selected BS) an almost omnidirectional antenna pattern is needed. 
When in connected mode the UE preferably use some beam forming in order to achieve more antenna gain.
For a mobile (hand-held or portable) device at 30 GHz a realistic antenna arrangement is arrays or groups of antennas. An array consisting of 4 elements can achieve 6dB of peak beam forming (BF) gain in addition to the single element gain (in dBi). In average, a BF gain in the order of 5dB could be expected. As a rule of thumb the meaningful number of beams is in the same order as number of elements in the array. For a wider beam fewer elements can be used at the expense of BF gain. Such an arrangement can be used for initial access, preferably where signals from 2 or more antennas are combined (diversity). 
Figure 1 shows an example of a UE with 16 antenna elments in 4 groups of 4 antennas each alternatively one 8 element array and two 4 element arrays. LTE and/or NR for below 6 GHz operation antennas are arranged at the bottom of the device, at least one such antenna.
[image: ]
Figure 1: Example of antenna arrangement in the UE with 4 groups of mmW antennas each consisting of 4 elements.
Analog versus digital beam forming
The current consumption in A/D and D/A converters increases rapidly with sampling rate. In a reciprocal UL/DL architecture it is fair to assume that the first generation 5G UE devices with beam forming must at least partly rely on analog beam forming to reduce the number of parallel A/D and D/A conversions (at least for battery-operated devices). Thanks to process evolvement, fully digital beam forming may be possible in later generations of devices and should therefore not be precluded.  
Hence groups of antennas are assumed, possibly with analogue beamforming within the groups. Alternatively a linear array or an array of non uniform elements could be assumed for each group or sub-group.
Filters
The need for front-end filters and associated requirements is FFS. A possible configuration for each TX/RX antenna port of a reference architecture is given in figure 2.
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Figure 2. Principal location of front end filters.

Examples of measured 28 GHz LPF and HPF are shown in figure 3:
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Figure 3. Frequency response and return loss of low pass and high pass filters. 

Note that the I.L. displayed includes adapter and line losses of 2.0 dB offering a net loss @28 GHz of ~1 dB.
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         Figure 4. Photograph of substrates with printed low pass and high pass filters respectively.

Conclusions
A NR above 6 GHz UE reference architecture with corresponding link budget is proposed which justify the need for at least four antenna elements per group of antennas, to constitute beamforming gain. Some measurement results on LP and HP filters are also provided.
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