Comments on FCC NOI 15-154 regarding mmW spectrum (>24GHz)

My comments are mainly limited to the antenna technology and corresponding beamspace MIMO
(multiple input multiple output) transceiver architectures. They have been prepared a bit hastily given
that we found out about NOI comment deadline a bit late (today!) — my apologies. Thus, | have also
included a copy of a presentation on mmW MIMO transceiver architectures that | recently presented at
a 5G workshop (http://wcsp.eng.usf.edu/5g/2014/) at the 2014 Globecom conference. | would be
happy to answer any questions.

Akbar Sayeed
University of Wisconsin-Madison
December 16, 2014.

Comments:
Section Il A.
17.

1. Yes, the work of the mmW community, including our own indicates that it will be feasible.

The main issue would be that of availability under harsh conditions, e.g., very heavy rain or
snowfall. Even under such conditions mmW communication could work, albeit at much lower
rates.

3. Ithink all these considerations will come into play. In particular, electronic multi-beam steering
and data multiplexing (MBDM) capability is going to be a key functionality and the impact of
various factors from the viewpoint of realizing this capability will be important.

4. Propagation characteristics from the viewpoint of coverage and availability.

5. The highly directional nature of propagation at mmW frequencies means that we can
substantially control the interference to other devices using the same band.

6. These frequencies could be very relevant for sensing applications, e.g., automotive radar.

7. 1think the electronic multi-beam steering and data multiplexing (MDBM) capability is a key
operational characteristics of emerging mmW mobile systems, both from the viewpoint of
enabling Gigabit mobile access and also from the viewpoint of minimizing in-band and adjacent-
band interference.

1. Antenna Technology.
a. Base station antennas:

General comments.

Antenna technology is a key enabler for realizing the full potential of mmW mobile broadband
technology. In particular, the electronic multi-beam steering and data multiplexing (MBDM) capability
enables beamspace MIMO communication — multiplexing data streams in distinct beams. MIMO
systems represent a particularly promising opportunity at mmW frequencies: high-dimensional MIMO



operation is possible with physically compact antennas due to small wavelengths. The large number of
MIMO degrees of freedom can be exploited for a number of critical capabilities, including :

« higher antenna or beamforming gain for dramatically enhanced power efficiency;
« higher spatial multiplexing gain for dramatically enhanced spectral efficiency; and

« highly directional communication with narrow beams for dramatically enhanced spatial reuse.

However, despite the intensive MIMO research in the last fifteen years, conventional state-of-the-

art approaches fall significantly short of harnessing these opportunities because of their failure to address
fundamental performance-complexity tradeoffs inherent to high-dimensional MIMO systems. In
particular, the hardware complexity of the mmW beamforming front-end and the software complexity of
the back-end digital signal processing challenge the current paradigm and result in significant technology
gaps that requires a fresh look at the design of the high-dimensional spatial analog-digital interface.

In an NSF-funded PFI-TT (Partnership for Innovation — Technology Translation) project, we are
developing a prototype for a new wireless transceiver architecture — Continuous Aperture Phased MIMO
(CAP-MIMO) - that combines the directivity gain of traditional antennas, the beam-steering capability of
phased arrays, and the spatial multiplexing gain of MIMO systems to realize the multi-Gbps capacity
potential of the mmW technology as well as the unprecedented operational functionality of dynamic
multi-beam steering and data multiplexing. It is based on the concept of beamspace MIMO
communication — multiplexing data into multiple orthogonal spatial beams — for optimally exploiting

the spatial antenna dimension. The CAP-MIMO prototype leverages beamspace MIMO

theory through two key translational elements for filling the technology gaps in realizing the full potential
of mmWtechnology: i) a lens-based front-end antenna for analog beamforming, and ii) a multi-beam
selection architecture that enables joint hardware-software optimization of transceiver complexity. As a
result, CAP-MIMO promises significant advantages over current and emerging competing technologies,
including:

« Significant improvements in data capacity, power efficiency, and operational functionality

» Optimum performance with the lowest transceiver complexity - number of transmit/receive (T/R)
modules or transceiver chains and digital signal processing (DSP) complexity.

CAP-MIMO also offers a broad application footprint due a number of advanced operational capabilities:
* Point-to-point (P2P) and point-to-multipoint (P2MP) network operation
* Operation in Line-of-sight (LoS) and/or multipath (MP) propagation conditions

» Beam agility (BA) and electronic multi-beam steering and data multiplexing (MBDM) for channel
discovery and alignment and for creating dynamic mobile P2MP links.
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Figure 1: (a): Antenna gain vs. frequency. (b): Antenna beampatterns for a 67 antenna at 3GHz vs. 30GHz. (c): Potential spectral efficiency gains
due fo spatial multiplexing at 80GHz vs. 3GHz with a 67 antenna.

Fig. 1 illustrates the potential of beamspace CAP-MIMO transceivers for exploiting the large number of
spatial degrees of freedom at mmW(frequencies. The large antenna directivity gains shown in Fig. 1(a)
more than offset the increased path loss and atmospheric absorption at mmW frequencies, and result in
higher power efficiency compared to lower frequencies. The extremely narrow beamwidths at mmw
frequencies, illustrated in Fig. 1(b), offer dramatically enhanced spatial reuse through dense spatial
multiplexing: the spectrum resources can be reused across distinct and narrow beams. The resulting
spatial multiplexing gain promises unprecedented gains in spectral efficiency illustrated in Fig. 1(c). Fig.
1(c) shows idealized spectral efficiency (b/s/Hz) upper bounds for downlink communication from an
access point (AP) with a 6”x6” antenna: while at 3GHz a maximum of 9 users can be spatially
multiplexed, at 80GHz orders-of-magnitude improvements are possible in signal-to-noise ratio (SNR)
due to antenna gain, and in spectral efficiency due to spatial multiplexing gain. These gains in power and
spectral efficiency, coupled with with larger available bandwidths, promise very large gains in overall
network throughtput. Indeed, 100-10,000 Gbps aggregate rates, over 100-300 users, seem attainable with
the 1-10GHz of available mmW bandwidth. In contrast, much lower aggregates rates of 30-50Gb/s, over a
maximum of 9 users, are possible with 300-500MHz of potential bandwidth at 3GHz. Furthermore, the
required total transmit (TX) SNR at 3GHHz is about 30dB higher than that at 80GHz.

Item 19. We think that the CAP-MIMO transceiver architecture which uses a lens-based front-end for
analog multi-beamforming is the most attractive architecture for achieving dense spatial multiplexing
(dense spatial reuse) at base stations. CAP-MIMO is compared with the two main competing transceiver
architectures in Fig. 3 below.
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Figure 3: Three main mmW MIMO transceiver architectures. (a) A Conventional MIMO Transceiver that uses an n-element antenna array and
baseband Digital Beamforming. (b) A Phased-Array-Based Transceiver that uses a nefwork of n-element mmW phased shifters, one for each of
the p data streams, to drive the n-element anfenna array for generating p beams. (c) The proposed CAP-MIMO Transceiver that uses Lens-Based
Analog Beamforming fo directly map the p data streams to O (p) beams via the mmW Beam Selector.

In conventional MIMO with digital beamforming, an antenna array with a larger number of elements is
used, where each antenna has its own transceiver chain (T/R) consisting of a power amplifier, mixer,
filter, ADC/DAC etc. This leads to a very high complexity since the number of antennas, say n, is very
large; e.g., n=6400 for a 6” x 6” antenna aperture with half-wavelength spaced antennas at 80GHz. On the
other hand, the number of users/data streams, say p, is small, on the order of 10-100. In CAP-MIMO,
different beams are excited by feed antennas on the focal surface of the antenna (Fig. 3 c¢) — the number of
active antenna is on the order of p and so is the number of T/R chains to drive them. In phased-array-
based designs, a network of n phase shifters is associated with each beam/data stream. Thus, in total a
network of np phase shifters is needed for p data streams. This complexity becomes challenging as p gets
large.

Item 20. We think that mmW basestations could be used for both mobile access (small cells — 100m-
200m radius) as well as for longer range backhaul networks. Thus, potentially both low-power and high-
power base stations may be used. In CAP-MIMO technology the number of power amplifiers (PA’s) will
track the number of users/beams rather than the effective number of antennas. Each PA will drive a
particular beamspace feed antennas (Fig. 3c).

Item 21. In CAP-MIMO technology the EIRP will be managed by controlling the power associated with
a few (1-4) feed antenna associated with a high-gain beam. In contrast, in a phased-array-based design, all
array elements will have to be sufficiently phase-coherent to yield the desired antenna gain (a challenging
propoposition for large number of effective antennas). We think a 120 degree sector in azimuth is
sufficient. The elevation sector will be determined by the height of the base-station and the size of the
cell.

Item 22. The main consideration of the base-station antenna will be the size of the coverage area that will
determine the aperture of the antenna and the number of feed antennas. Thus, this could be different for
indoor versus outdoor configurations. The orientation of handset is important. In particular, occlusion of
the line-of-sight component is a challenge. In this case either multipath beams can be exploited
opportunistically or coordination across multiple base-station antennas may be used.



b. Mobile station antennas. Phased-arrays or lens arrays may be used at handsets.

c. Operation. Exact solutions to items 27,28,29 remain to be determined but are doable. A key
operational functionality would be “network channel discovery, tracking, and management”.
Coordination across multiple base stations may be needed, for managing interference and
occlusions. Multipath will be handled as part of dealing with frequency selectivity.

2. Bandwidth, Duplexing, Modulation, and Multiple Access.

The solutions to Items 30, 31, 32, 33 remain to be developed but we think while TDD is attractive from
the viewpoint of downlink/uplink duality, due to sparse multipath FDD may also be possible. Bandwidth
aggregation may also be feasible but available of contiguous frequencies would be useful initially.
Similarly, we also think that the initial deployments will have the simplest functional modulation and
coding schemes, in the spirit of being a truly disruptive technology. Any of the multiple access
technologies could be used. However, the use of OFDM remains to be seen due to the large number of
carriers. Single carrier options seem more attractive, especially due to limited frequency selectivity.
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