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1 Introduction

One of the most important features of New Radio (NR) technology for 5G systems is transmission in the millimeter wave (mmWave) frequency bands located within 6-100GHz frequency range. These bands offer abundant spectrum resources and its use is necessary in fulfilling the ever growing demands for broadband wireless access. However, these high frequencies pose new design challenges. The most notable is the increased pathloss (on the orders of 20+ dB) that calls for mandatory use of beamforming and directional antenna techniques in order to provide satisfactory coverage.
In RAN1#84bis it was proposed that numerology according to specifically assumed channel characteristics should be adopted [1]. 200ns RMS delay spread is assumed for example. However, as we argue below basing design on this choice of RMS delay spread is not sufficient, since it can depend on the particular transmission schemes chosen. The reason is directional transmission/reception.

Directional transmission fundamentally affects the characteristics of the channel that is observed by the transmitter (Tx) - receiver (Rx) pair. A narrower beam reduces the number of rays reaching the receiver. This translates into reduction of the multipath and, as a result, shortening of the delay spread. This shortening is equivalent to increasing the coherence bandwidth and making the channel look more flat over a frequency band. An increased coherence bandwidth allows the increase of subcarrier spacing and the reduction of cyclic prefix (CP) for orthogonal frequency division multiplexing (OFDM) and orthogonal frequency division multiple-access (OFDMA) based communication for a more efficient channel use. These parameters (such as subcarrier spacing, CP length) therefore can be different in case of directional transmission as compared to omnidirectional transmissions because using single universal design parameters could lead to inefficiencies.
2 Problem description
Generally it is possible that each transmitter uses different beam characteristics, i.e. beamwidths. Such situation is presented in Figure 1. Different beamwidths can be due to using precoding or directional antenna elements or the combination of both. From the efficiency point of view using the same numerologies by those transmitters might be not suitable since channel characteristics after beamforming can be different. In this contribution we concentrate on the delay spread parameters affected by beamforming.
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Figure 1. Different transmitters communicate using different beamwidths.

Figure 2 presents the results showing how the RMS delay spread (later termed DS) is affected by the use of analog beamforming at the transmitter and/or the receiver. The figure was generated for the UMi scenario in NLoS condition defined in TR38.900 document [3] draft. Remaining evaluation parameters are given in Table 1. These results are obtained by observing the raw channel and applying optimum beamforming (taken from DFT codebooks) at the transmitter. So they provide theoretical baseline without accounting for channel estimation errors, realistic antenna element patterns and other TX/Rx impairments. Cluster delays before and after beamforming are identical, only clusters’ powers are changed due to beamforming - some (vast majority of) clusters are suppressed whereas few are amplified and this is reflected in RMS delay spread values.
Table 1. Evaluation parameters.

	Parameter
	Value

	Carrier fc
	30GHz

	Scenario
	UMi street canyon

	Propagation condition
	NLoS

	Antenna array at Tx
	UPA (2x2, 4x4, 8x8, 16x16)

	Antenna array at Rx
	Single antenna

	Antenna element at Tx
	Omnidirectional

	Antenna element at Rx
	Omnidirectional

	Number of beams at Tx
	Equals the array size


The precoders used are DFT codebook based with codebook size equal to the number of antennas. It can be observed that DS with directional transmission is lower than without directional transmission and the gap between the two increases with the application of more focused transmission (when using more antenna elements at Tx). For example in 90% of cases DS reduced almost 6-fold for 256 Tx antenna transmission. For 4 Tx antenna case the decrease is less - from 255ns to about 186ns. Reductions for 50% of cases are much more dramatic - up to 10 times, i.e. 50ns vs. 29, 17, 8 and 5ns for 4, 16, 64 and 256 Tx antennas, respectively. These results are summarized in Table 2.
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Figure 2. Effect of beamforming on shortening the RMS delays spread.
Analogous results on the DS were observed using physical directional antennas like horn antennas as presented in [2]. The DS values recorded in measurements using such antennas is considerably lower as compared to the case of omnidirectional elements.

Table 2. 50th and 90th percentile of RMS delays spread.

	Antenna array configuration
	RMS DS [ns]

	
	50%
	90%

	1 (no beamforming)
	50
	255

	2x2
	29
	186

	4x4
	17
	134

	8x8
	8
	84

	16x16
	5
	45


3 Impact on the numerology

Numerology depends on the coherence bandwidth and the RMS delay spread (RMS, they are weighted inverses of each other. If the delay spread is large (coherence bandwidth is small), then much smaller BW with the fixed FFT size can be supported, and it is not in line with the main purpose of HF radio- wideband operation. Therefore reduction of the effective delay spread, due to, for example, beamforming facilitates increase in subcarrier spacing. The benefit of it is keeping the FFT size constant as in legacy LTE and still transmit over a large bandwidth, i.e. larger subcarriers spacing is useful for wideband transmission. Another benefit of delay spread reduction is the decrease of CP. CP reduction could be proportional with the increase of subcarrier spacing, but with the application of very narrow beam based beamforming as expected in 5G even further reduction of CP is possible.
4 Numerical results

In the following section simulation results for various numerology examples gathered in Table 3 are given.

Table 3. Numerology options for evaluations

	Subcarrier spacing (kHz)
	60
	120
	240
	480

	OFDM symbol duration (usec)
	16.67
	8.33
	4.17
	2.08

	CP length (usec)
	(1.3, 1.17)
	(0.65,0.59)
	(0.33, 0.29)
	(0.163, 0.146)


We provide further evidence using more realistic beam patterns to support the delay spread reduction and how numerologies in Table 3 perform in those environments. Table 4 was obtained by taking the channel statistics from [3]

 REF _Ref450747778 \r \h 
[4]

 REF _Ref450747781 \r \h 
[5] and applied beam pattern in eq. (4.26) of [6]:
Table 4 Channel characteristics before and after beamforming (28GHz)
	28GHz, UMi NLoS

	BS
	UE
	DS (ns)
	MED (ns)

	Antenna
	HPBW (deg)
	Antenna
	HPBW (deg)
	50%
	90%
	50%
	90%

	64
	12.7
	4
	50.8
	15
	130
	71
	552

	256
	6.3
	16
	25.4
	2
	68
	9
	319

	Omni
	Omni
	49
	250
	230
	1100


One can observe that after beamforming, the RMS delay spread (DS) and the maximum excess delay (MED) are both reduced, and the resulting values are highly related to the beam pattern and antenna configuration under consideration. Note that the numbers of antenna elements used in the tables are all typical values, either from the agreed TR [7] or recent discussions in RAN1 reflector.

Even the shortest CP (~300ns for the option with 240 kHz subcarrier spacing) still can cover the 3 times of the 90% DS [8] after beamforming (averaged over two typical antenna configurations under consideration). Furthermore, since larger subcarrier spacing offers better resistance against inter-carrier interference, 120 kHz and 240 kHz subcarrier spacing provide better performance than 60kHz subcarrier spacing, as illustrated in Figure 3.
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Figure 3. BLER performance with beamforming (30GHz).
Similar evaluation was carried out for 73GHz. The channel characteristics before and after beamforming are provided in Table 5. One can see that the DS and MED are further reduced as compared with those for 30GHz band (Table 4). The reduced delay spread and thereby increased coherence bandwidth would allow for using larger subcarrier spacing and shorter CP. Figure 4 presents BLER simulation results and confirms that all chosen numerology examples perform equally well suggesting that the most extreme one can be chosen for this scenario, i.e. numerology with 480 kHz subcarrier spacing.
Table 5 Channel characteristics before and after beamforming (73GHz).
	73GHz, UMi NLoS

	BS
	UE
	DS (ns)
	MED (ns)

	Antenna
	HPBW (deg)
	Antenna
	HPBW (deg)
	50%
	90%
	50%
	90%

	256
	6.3
	16
	25.4
	<1
	65
	2
	275

	1024
	3.2
	64
	12.7
	<1
	27
	<1
	116

	Omni
	Omni
	37
	232
	168
	989


[image: image4.emf]SNR (dB)

10 15 20 25 30 35 40

B

L

E

R

10

-2

10

-1

10

0

(70G, DFT-s-OFDM), CH(CDL-A, 30ns, 256*32/1024*64, 3km/h)

PN(BS, UE, 8*4, LPNC, 6%)

120k, 16QAM, 0.67

240k, 16QAM, 0.67

480k, 16QAM, 0.67

120k, 64QAM, 0.75

240k, 64QAM, 0.75

480k, 64QAM, 0.75


Figure 4 BLER performance with beamforming (70GHz)
5 Practical issues with choosing numerology
As mentioned, in our considerations numerology mainly consists of subcarrier spacing and CP length and how to fit symbols within a subframe. For HF, simple scaling of existing LTE numerology is often proposed. However, such approach might not be enough in a practical system with hybrid/analog beamforming. The reason is that in the first symbol beam switching (transition) time needs to be taken into account and CP should cover it entirely. In [1] it is argued that 100-200ns switching time is feasible for on chip antenna array. However even those numbers might be too optimistic. In majority of situations, the antenna array might not be located on chip especially in the case of eNB and those times could be extended multifold. From our in-house experiments the beam switching time is closer to 1(s rather than 100-200ns claimed in [1].
Recapping, the first symbol should consist of much longer CP to account for delay spread as well as beam transition time. In some cases even some silence or guard time exceeding symbol length could be adopted. On the other hand remaining symbols in a subframe could be with a shorter CP than is calculated using a simple scaling of existing LTE numerology due to the application of beamforming that reduces RMS delay spread as shown in previous sections. Therefore the following approach could be adopted: increase the CP of the first symbol and decrease the CP of the remaining symbols as is presented in Figure 5.
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Figure 5. Example of extending CP of the first symbol and reducing CP of the remaining symbols in a subframe.

6 Conclusions

In this contribution some aspects of beamformed transmission within bandwidths located on 6+GHz carrier frequencies were examined. Additionally impacts of hardware on the possible numerology were briefly addressed. Based on above evaluations we notice that:

Observation 1: Beamformed transmission affects the channel perceived by receiver and generally with increasing beamforming gain (narrowing beam) delay spread decreases. Delay spreads in many cases are significantly lower than 200ns as assumed in [1].
Based on observation 1 we propose:

Proposal 1: Selection of numerology for high frequency should take into consideration effective delay spread that results after the application of beamforming.
Proposal 2: A set of several candidate numerologies due to, for example various beamforming configurations, should be studied.
Observation 2: Beam switching time has an impact on choosing numerology for NR. Simple numerology scaling is not sufficient.

Based on observation 2 we propose:

Proposal 3: Beam switching time should be taken into consideration when designing numerology for NR.
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