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1 Introduction
In RAN1 86bis, the following agreements were made:

Agreements: NR should support

· UE/PDCCH-specific DM-RS for PDCCH reception. At least for beamforming, UE may assume same precoding operation for PDCCH and associated DM-RS for PDCCH.

· FFS: DM-RS is PDCCH-specific and/or UE-specific

· Shared/Common RS for PDCCH reception

· Whether this sharing will be transparent to UE is FFS

· FFS: Whether UE may assume the same precoding operation between RS and PDCCH

· FFS: QCL between antenna ports for PDCCH demodulation

· Tx diversity supported. Which scheme/how FFS
According to the agreements, transmit diversity for NR-PDCCH transmission will be supported in NR. But which transmission scheme is to be used and the details about the transmission scheme are still FFS. In this work, we discuss the pros and cons for space-frequency block code (SFBC) and random beamforming (BF). Evaluation results for both transmission schemes are also provided by taking some practical factors into consideration such as the delay spread and the reference signal (RS) overhead.
2 Discussion
2.1 Transmission schemes

In LTE, the SFBC scheme is utilized to achieve transmit diversity for both common and UE-specific PDCCH transmissions. As is well known, SFBC provides reliable performance in most of scenarios. In order to keep the transmit signal orthogonality property of the Alamouti scheme, it is better to transmit P symbols on P neighbouring subcarriers in the same OFDM symbols, where P is corresponding to the number of antenna ports. Otherwise, the orthogonality property is likely to be destroyed in non-low frequency selective fading channels, and this will degrade the performance of SFBC. This introduces additional constraints on the flexibility of PDCCH resource allocation. At the receiver side, UE also needs to know SFBC scheme is used such that the received signal can be demodulated properly.
In Rel-11 LTE, EPDCCH is introduced to enhance the control channel capacity. The CSI-based BF and pseudo-random BF are used to transmit EPDCCH in localized and distributed fashions, respectively. The random BF scheme has several benefits. In addition to BF gain, the BF scheme has the advantage of being transparent to UE if the RS has the same precoding operation as the associated transmitted signal. Moreover, it is easier to design resource element (RE) mapping because the symbols do not have to be transmitted in pair with adjacent REs. Furthermore, the RS overhead in a PRB is lower when compared to SFBC if spatial multiplexing is not used. In spite of the advantages stated above, the performance of reliability is a big concern for the random BF scheme.

For NR PDCCH transmission scheme design, both SFBC and random BF techniques need to be evaluated properly. In order to have fair comparison and find out the most adequate use cases (or scenarios) for these schemes, the evaluation needs to take following factors into account.

· The impact of delay spread

· RS overhead

· Performances with both 2 and 4 antenna ports need to be considered

· Resource allocation flexibility in NR

· RS design flexibility and channel estimation error

This work focuses on the first three factors. The evaluation results and observations are provided in the following sections.

2.2 Impact of delay spread
The performance of SFBC scheme suffers from high frequency selective fading channels because the orthogonality of Alamouti scheme is likely to be destroyed. In this section, we consider the TDL-C channel with different RMS delay spreads (DS) in [1] to see the impact of delay spread. Table 1 lists the simulation assumptions. For simplicity, the precoder of random BF scheme is randomly selected from LTE codebook in every subframe. Particularly for the results in this section, each CCE has 36 REs without including RS REs, so the code rates of SFBC and random BF schemes are the same in the simulations. In Section 2.3, the different impact of RS overhead to two transmission schemes will be considered, and the code rates for the two schemes are not the same.
Table 1. Simulation assumptions

	Parameters
	Values

	Duplexing mode
	FDD

	Duration of simulation
	10000 subframes

	Bandwidth 
	10 MHz

	Subcarrier spacing
	15 kHz

	Channel type
	TDL-C

	RMS delay spread
	30ns, 100ns, and 300ns

	Control channel region 
	1 OFDM symbol

	DCI size
	16 bits

	CRC bits
	16 bits

	Modulation order
	QPSK

	CCE aggregation level
	1, 2, 4, 8

	Transmission scheme
	SFBC and random BF

	# of antenna port (AP)
	2 APs for SFBC, 1 AP for random BF

	CE / NE
	Ideal

	Signal generation flow
	LTE PDCCH-like

	Channel encoding
	TBCC


Table 2. Summary of the gain (in dB) of SFBC over random BF in the required SNR to achieve BLER 1%
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Figures 1(a)-1(c) show the simulation results for SFBC and random BF schemes with RMS delay spread 30ns, 100ns and 300ns, respectively. Each figure provides results for aggregation levels 1, 2, 4 and 8. The gain of SFBC over random BF in the required SNR to achieve 1% BLER is summarized in Table 2. It can be observed that the gain decreases with the increase of delay spread, i.e., higher frequency selective fading channels. In short delay spread model, e.g., delay spread is 30ns, the gain for SFBC is larger than 2.5dB. Nevertheless, the gain is smaller than 1.5dB in long delay spread model, e.g., delay spread is 300ns. According to the results, we have an observation as follows:
Observation #1: The gain of SFBC over random BF decreases significantly with the increase of delay spread.
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(b) RMS DS 100ns
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(c) RMS DS 300ns


Figure 1(a)-(c). Evaluation results for SFBC and random BF schemes in different delay spreads
2.3 Impact of RS overhead
One of the benefits of random BF scheme is it has less RS overhead. As shown in Figures 2(a)-(b), compared to SFBC scheme, two REs can be saved in a PRB for random BF scheme because a less number of REs is occupied by RS. Here, we consider two CCE RE mapping methods with regards to whether the REs of RS symbols are counted into the REs of a CCE.
(1) Same as PDCCH in LTE, CCE does not include the RS resource elements. In this case, the advantage of less RS overhead cannot be reflected through link-level performance because the code rates of SFBC and random BF schemes are the same. But, more available REs can be used for control information transmission in random BF scheme.

(2) Similar to EPDCCH in LTE, CCE includes the RS resource elements. Thus, the code rate of random BF scheme is expected to be lower than that of SFBC scheme. 
In this section, we evaluate the RS overhead impact of the second CCE RE mapping method through link-level simulations. The number of available REs which can be used to transmit control signal in SFBC and random BF schemes are listed in Table 3. There are three cases:
· Case #1: This can be seen as the baseline. Two transmission schemes have the same code rates, and the performances are shown in Figures 1(a)-(c).

· Case #2: As shown in Figures 2(a) and 2(b), the numbers of REs which are available to transmit control signals are 8 and 10 in SFBC and random BF schemes, respectively. Because we assume a CCE has 36 REs no matter RS REs are included or not, 3 PRBs are required to have one CCE if control region size is one OFDM symbol. Therefore, the numbers of available REs used for control signal transmission are 24 and 30 in SFBC and random BF schemes, respectively.

· Case #3: The worst performance is discussed in this case. We assume each REG has 4 REs, and each CCE has 9 REGs. In a PRB, there are 3 REGs. 

· SFBC: The probabilities that a REG contains 1 RS RE and 2 RS REs are 2/3 and 1/3, respectively. In the worst case, all REGs assigned to a UE have 2 RS REs, so the number of available REs for control information is 2*9=18.
· Random BF: The probabilities that a REG contains 0 RS RE and 1 RS REs are 1/3 and 2/3, respectively. In the worst case, all REGs assigned to a UE have 1 RS REs, so the number of available REs for control information is 3*9=27. 

Other simulation assumptions are listed in Table 1. Figures 3(a)-(c) and 4(a)-(c) provide the performances for Case #2 and Case #3, respectively. The gains for SFBC over random BF scheme at BLER 1% are summarized in Table 4. Because of the high code rates, the gain decreases significantly especially when the aggregation level is one. Based on the results, we have observations below:
Observation #2: The gain of SFBC over random BF decreases significantly when RS overhead is taken into account.

Observation #3: Random BF scheme has similar/better performance than SFBC scheme when the delay spread and RS overhead are both considered, e.g., RMS delay spread is 300ns in Case#2/3.
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Figure 2. RE mapping in a PRB
Table 3. Number of available REs for control information transmission in a CCE

	
	SFBC
	Random Beamforming

	Case #1
	36 REs
	36 REs

	Case #2
	24 REs
	30 REs

	Case #3
	18 REs
	27 REs


Table 4. Summary of gain for SFBC over random BF at BLER 1%, unit: dB
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(b) RMS DS 100ns
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(c) RMS DS 300ns


Figure 3(a)-(c). Evaluation results for SFBC and random BF schemes in Case #2.
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(a) RMS DS 30ns
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(b) RMS DS 100ns
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(c) RMS DS 300ns


Figure 4(a)-(c). Evaluation results for SFBC and random BF schemes in Case #3.
2.4 Resource allocation flexibility
According to the evaluation results in Section 2.2, the gain for SFBC scheme degrades significantly in large delay spread scenarios. It implies that the orthogonality property is a key for achieving reliable performance of SFBC scheme. Therefore, it is better to have symbols transmitted on continuous subcarriers such that these symbols can go through similar fading channels. There is no such constraint needed for random BF scheme.

In another aspect, the LTE cell-specific reference signal (CRS) is frequency shifted based on cell-ID to reduce the probability of CRS-colliding among difference cells. The CRS frequency shifting may lead to discontinuous REs in the frequency direction. Figure 5 depicts the situation. Since the control region occupies the whole bandwidth in LTE, the ratio of symbols transmitted in non-continuous subcarriers is pretty low, and we can expect it would have limited impact on performance. However, in NR, more factors should be considered jointly. First, a control resource set may not occupy the whole bandwidth, and the ratio of discontinuous RE pairs will become a little bit higher. Second, the subcarrier spacing in NR can be larger than 15 kHz, and longer delay spread would degrade performance more severely for wider subcarrier spacing. Therefore, the resource allocation including RS and control information RE mappings should be designed carefully for SFBC scheme in NR. 

Observation #4: RE mapping of CCE has large impact on the performance of SFBC.
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Figure 5. Example of resource allocation
Based on the evaluation results and discussions above, we know that SFBC scheme is reliable in most of scenarios but with more resource allocation constraints. When RS overhead and delay spread are both taken into consideration, the gain for SFBC over random BF scheme decreases a lot, and random BF technique has the opportunity to outperform SFBC. As both transmission schemes have their own advantages and suitable scenarios, we propose: 

Proposal # 1: Evaluate SFBC and random beamforming with practical factors taken into consideration, such as delay spread, RS overhead, RE mapping of CCE.
3 Conclusion

In this paper, we compare the performance of SFBC and random BF schemes by taking delay spread, RS overhead, and resource allocation flexibility into consideration. According to the evaluation results, we have following observations:

Observation #1: The gain of SFBC over random BF decreases significantly with the increase of delay spread.

Observation #2: The gain of SFBC over random BF decreases significantly when RS overhead is taken into account.

Observation #3: Random BF scheme has similar/better performance than SFBC scheme when the delay spread and RS overhead are both considered, e.g., RMS delay spread is 300ns in Case#2/3.
Observation #4: RE mapping of CCE has large impact on the performance of SFBC.
Based on the observations, the proposal is:

Proposal # 1: Evaluate SFBC and random beamforming with practical factors taken into consideration, such as delay spread, RS overhead, RE mapping of CCE.
4 Reference
 [1] 3GPP TR36.900, “Study on channel model for frequency spectrum above 6 GHz”.
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