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Introduction

The paper first provides a background on massive MIMO architecture. It then proposes some possible hybrid beamforming architectures. Thereafter, the paper shows how the number of RF chains at the UE influences the sum-throughput of the system. The paper describes the benefits of time division multiplexing over frequency division multiplexing in millimeter wave systems, especially when analog and hybrid beamforming architectures are used. At the end, the paper provides an example of a sub-frame and a time division structure amenable to the analog and hybrid beamforming architecture. Other architecture considerations for sub6 are also explored in []

Background on Massive MIMO Architecture
The benefits of a mmwave system are only achieved through the use of a massive MIMO system with potentially a large of number of antennas. We note that although the transmission loss dramatically increases at higher (mmwave) bands, the corresponding very small wavelengths allow packing a large number of antennas per unit area. The resulting antenna array gain is crucial to meet the link budget, and provide reliable communication.
Figure 2.1 demonstrates a general architecture of a massive MIMO system.
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Figure 2.1  The general architecture of a massive MIMO antenna array system.
The TXRUs interface with the baseband processing unit.  The radio distribution network (RDN) maps Q TXRUs to an array of L physical antennas.  The MIMO processing can be performed either at the BBU (if Q > 1), or at the RDN, or both.  This will result in three different methods for beamforming that are discussed in what follows.

Digital beamforming
This is the conventional architecture, e.g. used in Rel-13 FD-MIMO, where the beamforming is performed completely in the digital baseband. In this fully digital method, there are two or more TXRUs connected to the physical antenna array via a fixed RDN.  Since a fixed RDN is implemented, there is no dynamic RF beamforming capability, and the beamforming/MIMO processing is performed at BBU. 
In this architecture, the number of antenna elements, L, and number of RF chains, Q, are comparable. We note that although this fully digital architecture can provide more sophisticated spatial multiplexing/interference mitigation methods, having too many RF chains incurs a great cost and requires high power consumption which makes the fully digital beamforming method infeasible for a mmwave system.
Analog beamforming
An immediate solution to the infeasibility of a fully digital architecture is to perform beamforming in the analog domain. In the fully analog architecture, it is assumed that the RDN is capable of dynamic beamforming and there is no beamforming/MIMO processing at the BBU. Since it is performed at RF, the MIMO precoding/beamforming is wideband-wise. In this architecture, Q is typically assumed to be 1 and hence only the single-stream transmission is supported. 
This method is already adopted in some existing mmwave systems, where the beamforming is done using a set of phase shifters. The weights of the phase shifters can be set to steer and form a beam in a desired direction. 

Hybrid beamforming
As mentioned before, digital beamforming allows for more sophisticated transmission methods at the cost of high implementation complexity and power consumption. On the other hand, analog beamforming provides a simple solution, but suffers from its own limitations namely the single-stream transmission and limited flexibility of beam steering due to employing the quantized phase shifters. A hybrid architecture would be a solution to tradeoff between complexity and performance.
In a hybrid architecture, beamforming is split between digital and analog domains. Referring to Figure 1, when Q > 1 and dynamic TXRU to antenna mapping is allowed, one may split the MIMO processing into two parts, one in BBU, and the other in RDN. Typically the number of RF chains is much smaller than the antenna elements (L >> Q).
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Figure 2.2: Hybrid analog/digital architecture [2]

The hybrid beamforming can be implemented in two different architectures: (a) shared antenna array, (b) independent antenna array. In what follows, we describe these two architectures.

Shared antenna array architecture
In this architecture, each stream has access to all antennas. As a result, the antenna gain can be high. This architecture leads to increased signal peaks in front of power amplifier. However, this issue is less severe in OFDM systems. Besides, the RF architecture of shared array is more complex and it does not tile easily.


Figure 2.3: Shared antenna array architecture

Independent antenna array architecture
In this architecture, each stream does not have full access to all antennas. As a result, the antenna gain is reduced. However, the independent antenna array architecture is simpler and more modular than the shared antenna array architecture.
Figure 2.3 and 2.4 show shared and independent antenna array architecture.



Figure 2.4: Independent antenna array architecture

Proposal 1: The system design shall support both analog and hybrid architectures within a unified framework for > 6 GHz band.
Proposal 2: The system design shall support both shared subarray and independent subarray architecture.

High Level Beamforming Architecture
eNB is expected to use hybrid beamforming. UE may have multiple subarrays to cover the angular space and polarization. 
Table 3.1 and 3.2 show examples of different beamforming architectures for eNB and UE. The values of different parameters for these tables were generated assuming independent antenna array architecture.
Throughout the paper, the notation (M, N, P) represents an array which has N number of columns, P number of polarization dimensions and M number of antenna elements with the same polarization in each column.
				Table 3.1. Example of beamforming architecture in uMa
	Parameter
	Value

	eNB antenna configurations
	Eight ports using four (4, 8, 2) arrays; for a total of 128 elements per polarization

	UE antenna configurations 
	Two ports using one (4, 8, 2) array.



	Table 3.2. Example of beamforming architecture in small cell
	Parameter
	Value

	eNB antenna configurations
	Two ports using one (4, 8, 2) arrays; for a total of 32 elements per polarization

	UE antenna configurations 
	Two ports using one (4, 8, 2) array.



If space division multiplexing is employed, each port of the base station transmits data through the entire bandwidth; which can be 1 GHz or even higher. Processing data of multiple ports might be difficult for base stations of small cells. Hence, the small cell base stations may support only one antenna port. The base stations of uMa may support up to eight antenna ports.
Proposal 3: The base station may support one to eight antenna ports. The UE may support as few as one antenna port.
Influence of the Number of RF Chains of a UE
[image: ]
Figure 4.1: CAD map of Qualcomm Bridgewater building, 4th floor

Table 4.1: Properties used in Ray tracing software
	Parameters
	Value

	Di-electricity constant
	4 (wall), 5 (glass), 1.7 (wood)

	Inner wall
	2 layers (each is 15 cm thick)

	Antenna height
	2.5 m



This section investigates how the number of RF chains of the UE influences the performance in a millimeter wave system. We focus on realistic scenario of millimeter wave deployment. Figure 4.1 shows the CAD map of Qualcomm Bridgewater building’s 4th floor. The dimension of the floor is 75m x 40m x 2.68m.  The indoor propagation data, (e.g., angle of arrival, angle of departure, path loss, delays, etc.) of this floor has been taken from WinProp, a ray tracing software. Table 4.1 shows the different properties that we use to generate the ray tracing data.
We deploy five base stations in this indoor arena. We place 11,000 UEs to cover all potential UE locations. At each iteration, each BS randomly selects a UE. The base station and the UE have 16x8 and 4x2 antenna elements respectively. Carrier frequency is 28 GHz. The EIRP is 48 dBm. Bandwidth is 500 MHz and noise figure is 11 dB. We get link gains between different base stations and UEs from Winprop data and then add 10 dB additional millimeter wave specific losses.  
[image: ]
Figure 4.2: CDF of sum rate vs. the number of RF chains
Figure 4.2 shows how the number of RF chains influence the sum rate of the UEs. These rates were generated based on SNR. The per stream signal strength is limited to 25 dB. Figure 4.2 shows that the rate of increase in sum-rate diminishes as the number of RF chain increases. As the number of RF chain exceeds beyond two, the improvement in sum rate becomes marginal.

UE Distribution per Beam 
Transmission in millimeter wave systems needs to be beamformed to compensate for the higher path loss in higher bands. The beam width of the base station needs to be sufficiently narrow to provide link budget to the UEs. Since the base station may support as low as only one antenna port, the UE distribution for different beam widths needs to be considered to see the impact of frequency division multiplexing in MMW band.
We drop 250 UEs in the area and focus on the UE distribution for different beam widths in a realistic scenario of Qualcomm Bridgewater office’s fourth floor. UEs are associated with the base station based on maximum signal strength. At different iterations, each BS randomly selects a UE. The BS focuses on the strongest path with the selected UE and steers its array towards the angle of departure from the base station through the strongest path. The BS generates beams with different beam widths and finds the number of UEs that fall within the half power beam widths. Figure 5.1 shows the CDF of UE distribution for these different beam widths.

[image: ]
Figure 5.1: UE distribution for different beam widths
Figure 5.1 shows that the number of UEs per beam increases with higher beam-width. However, even with 10 degree half power beam width, the number of UEs per beam remain less than 5 in 90% scenarios. This suggests that frequency division multiplexing of many UEs is not feasible in millimeter wave systems. Time division multiplexing is more advantageous than frequency division multiplexing in millimeter wave band; especially if analog and hybrid beamforming architectures are used.
Observation 1: Time division multiplexing is more advantageous than frequency division multiplexing in millimeter wave band; especially if analog and hybrid beamforming architectures are used.

Temporal Granularity of Resource Allocation


Figure 6.1: Sub-frame and TTI structure

Figure 6.1 shows our proposed sub-frame and TTI (transmission time interval) structures. A TTI is a basic building block including a set of OFDM symbols. A Sub-frame represents the longest contiguous set of symbols that starts with a DL control symbol and ends with a UL control symbol. A TDD sub-frame has non-overlapping DL and UL bursts. A multi-TTI subframe could include more than one DL or UL TTIs.
The previous section shows that time division multiplexing is more advantageous than frequency division multiplexing in millimeter wave band; especially if analog and hybrid beamforming architectures are used. However, if the entire sub-frame is allocated to the UE, a lot of resource elements will be wasted if the UE needs to transmit or receive a short packet.
Hence, we propose a multi-TTI sub-frame approach. Each sub-frame may contain N number of TTIs. A UE can be assigned only one TTI if it needs to transmit or receive a short packet. A UE can be assigned up to N number of TTIs if it needs to transmit or receive a long packet.
A specific example could be a 100 us long subframe, 5 TTI per subframe and 20 us per TTI. Two UEs can be scheduled within the sub-frame. The UE that needs to transmit or receive a long packet can be assigned four TTIs. The UE that needs to transmit or receive a short packet can be assigned one TTI.
Proposal 5: The system shall allow flexible partition of the sub-frame into multiple TTIs.
Conclusions
The following proposals are made.
Proposal 1: The system design shall support both analog and hybrid architectures within a unified framework for > 6 GHz band.
Proposal 2: The system design shall support both shared subarray and independent subarray architecture.
Proposal 3: The base station may support one to eight antenna ports. The UE may support as few as one antenna port.
Observation 1: Time division multiplexing is more advantageous than frequency division multiplexing in millimeter wave band; especially if analog and hybrid beamforming architectures are used.
Proposal 5: The system shall allow flexible partition of the sub-frame into multiple TTIs.
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