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• A key component of 5G

– Multi-Gigabits/s speeds 

– millisecond latency 

• Key Gigabit use cases

– Wireless backhaul

– Wireless fiber-to-home (last mile)

– Small cell access

• New FCC mmW allocations

– Licensed (3.85 GHz): 28, 37, 39 GHz

– Unlicensed (7 GHZ): 64-71 GHz

• New NSF-led Advanced Wireless Initiative
– mmW Research Coordination Network

– 2nd Workshop Madison, WI; July 19-20, 2017.
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Exciting Times for mmW Research
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Potential of mmW Wireless 

AMS mmW MIMO 2

x100 
antenna gain

1
0

0
x 

sp
ec

. e
ff

.  
ga

in

Power & Spec. Eff. Gains over 4G

> 100X gains in power and & spectral  efficiency  

Potential of beamspace multiplexing  

15dBi @ 3GHz 35dBi  @ 30GHz

4 deg @ 30 GHz
35 deg @ 3 GHz

Key Advantages of mmW: large bandwidth & narrow beams

Key Operational Functionality: Multibeam steering & data multiplexing

Key Challenge: Hardware Complexity & Computational Complexity (# T/R chains) 

6” x 6” access point (AP) antenna array:  
6000 elements @80GHz vs. 9 vs. elements @3GHz 

Conceptual and Analytical Framework: Beamspace MIMO

Beamspace MIMO

comm. modes in optics (Gabor ‘61, Miller ‘00, Friberg ‘07) (AS TSP ’02; AS & NB Allerton ’10; JB, NB & AS TAPS ‘13)AMS mmW MIMO 3

Multiplexing data into multiple highly-directional (high-gain) beams

Discrete Fourier Transform (DFT)Antenna space 
multiplexing

Beamspace
multiplexing

n dimensional signal space

n-element array
(     spacing)

n orthogonal beams

n spatial channels

Spatial angle

Spatial frequency:

steering/response vector

(DFT)

DFT matrix:
Beamspace modulation
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Beamspace Channel Sparsity

Point-to-point 
LoS Link

Point-to-multipoint
multiuser link

Communication occurs in a low (p)-dimensional subspace
of the high (n)-dimensional spatial signal space

How to optimally access the p active beams 
with the lowest – O(p) - transceiver complexity?
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mmW propagation X-tics
• Directional, quasi-optical
• Predominantly line-of-sight
• Single-bounce multipath
• Beamspace sparsity

4(AS & NB Allerton ’10; Pi & Khan ‘11; Rappaport et. al, ‘13) 

Continuous Aperture Phased (CAP) MIMO

mmW Lens computes 
analog spatial DFT

Data multiplexing 
through

p
active beams

Scalable performance-complexity optimization 

p data 
streams

Beam Selection
p << n

active beams 
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Hybrid Analog-Digital Beamspace MIMO Architecture

(AS & NB Allerton ‘10, APS ‘11; JB, NB & AS TAPS ‘13) 5

Focal surface feed antennas:
direct access to beamspace

Lens Array for Analog Multi-Beamforming

Computational
Complexity: 
n  p 
matrix operations

Hardware
Complexity:
n p
RF chains 
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Competing mmW MIMO Architectures
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Conventional MIMO:
Digital Beamforming

n T/R chains: prohibitive complexity

p data 
streams

Phase Shifter (np) + Combiner Network  

n: # of array elements (100’s-1000’s)

p: # spatial channels/data streams (10-100’s)

Phased Array Architecture:
Analog mmW Beamforming

Existing prototypes limited to single-beam
phased arrays of modest size (<256 elements)

p data 
streams

O(p) 
T/R chains
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Multi-beam CAP-MIMO 
vs  Single-beam Phased Arrays

14-16 Gbps
100% BW/user

63 pJ/bit

1-2 Gbps
1-7% BW/user

476 pJ/bit

CAP-MIMO

PHASED ARRAY

20dB

4, 25-beam 
CAP-MIMO Arrays
(100 total beams)

(1 user/beam)

16, Single-beam
Phased Arrays

(16 total beams)
(7 users/beam)

Beamspace MIMO framework enables optimization of both architectures

CAP-MIMO has >8X higher energy and spectral efficiency over phased arrays
(idealized analysis – even bigger gains expected with interference)

28 GHz small cell design for supporting 100 users
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Same # RF chains

Additional CAP-MIMO 
gains w/ more RF chains

4” x 3.1” AP Antenna

AMS mmW MIMO 8

Beamspace
sectoring

Array 
partitioning

Sub-array

Sub-sector

Phased Array CAP-MIMO

Cell edge

1 GHz bandwidth; includes Friis free-space path loss
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CAP-MIMO vs Multi-beam Phased Array
Spectral Efficiency Energy Efficiency

(X. Gao, L. Dai & AS ’16)

N=256, K=16 users, p = K =16 RF chains N=256, K=16 users, p = K=16 RF chains
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2D Arrays for 3D Beamforming 

AMS mmW MIMO
(JB & AS SPAWC ’14)

0.5” x 3” antenna 2.3” x 12” antenna

10

Cell radius: 100m, 120 deg sector

Slice 

Array

Multi User MIMO 

w/ Beamforming

K users/

sector

Nb beams/sector

Small Cell

mmWave Backhaul

K=100 users
K=100 beam coverage 16K=1600 beam coverage

Beamspace
Multiuser Channel

Beamspace
Multiuser Channel

2D steering vector:

k-th user:

n x K Multiuser Beamspace Channel Matrix

(2D DFT)
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Beam Selection for Taming Complexity

Beam selection: 
Power-based thresholding

(AS & JB GCOM ‘13, JB & AS SPAWC ’14, JG & AS CISS ‘16)

Beam sparsity mask
few (1-4) 
dominant
beams
per user

Full-dimensional channel matrix (n x K) 

K x p downlink channel

p x K uplink channel 

p x K K x p 

p x K K x p 

Low-dim channel matrix (p x K) 
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Performance vs Complexity
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K=100 
(0.5” x 3”)

4K=400
(1.1” x 6”)

16K=1600
(2.3” x 12”)

x 3

x 10

4 beam mask/user
vs

Full dimension
400 max

active beams

6K=1600 
Beam coverage

Full dim. vs low-dim.Impact of Antenna Size

(JB & AS GCOM’13, SPAWC ’14; JH & AS CISS’16)

Impact of Beam Selection and Channel EstimationFull dim: ñ = 158
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p=K p=2K Full vs low-dim

Noisy 
BS

Noisy 
BS+CE

Noisy 
BS

Noisy 
BS+CE p=K or 2K or n

Noisy BS+CE

Estimation SNR = communication SNR

p=K or 2K or n
Perfect CSI

Beam Selection Overhead: A Myth?

AMS mmW MIMO 13

Countless papers claim that the beam selection overhead is 
prohibitive at mmW. Is it?
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Beam Selection & Channel Estimation 
Overhead

AMS mmW MIMO 14

p=1 simultaneous beams p=10  simultaneous beams

(J. Hogan & AS, CISS ’16)

# Simultaneous Beams != # RF Chains

AMS mmW MIMO 15

Multiple RF chains are necessary but not sufficient for
multi-beam steering and data multiplexing

Existing phased array (single-beam)
Limiting factor: phased shifter network (not RF chains)

Lens arrays: multi-beam steering and data mux (# RF chains)
Limiting factor: beam selection network
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Wideband mmW MIMO: 
Beam Squint Problem & Multi-beam Solution
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Phased array 3-beam CAP-MIMO 5-beam CAP-MIMO

(JB & AS ICC ’15)

Channel
Dispersion
Factor:

28 GHz Multi-beam CAP-MIMO Prototype

AMS mmW MIMO 17

6” Lens with 16-feed Array

Use cases
• Real-time testing of PHY protocols
• Multi-beam channel measurements
• Scaled-up testbed network

Features
• Unprecedented 4-beam steering & data mux.
• RF BW: 1 GHz, Symbol rate: 125-370 MS/s 
• AP – 4 MS bi-directional P2MP link
• TX power – 15 dBm
• FPGA-based backend DSP

P2MP Link

Equivalent to 
600-element

conventional array!
Beamwidth=4 deg

1-4 switch for 
each T/R chain

(JB, JH, AS, 2016 Globecom wkshop, 5G Emerg. Tech.)
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Raw RX I/Q samples spatial filtering Spatial + temporal
filtering

P2MP Link: Space-Time Filtering & Coherent 
Detection 

RX Frame (MS 1 ch) MS1 Transmitting 

• NSF research coordination network (RCN) on mmW wireless 

– Academia, industry & government agencies

• Cross-disciplinary research challenges

– CSP: communications & signal processing

– HW: mmW hardware, including circuits, ADCs/DACs, antennas

– NET: wireless networking

• Kickoff Workshop: Dec 2016

• 2nd Workshop: July 19-20, 2017: Madison, WI

mmW Wireless RCN
http://mmwrcn.ece.wisc.edu

AMS mmW MIMO 19
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• Innovations in basic theory & technology development

• Gen 2 prototype: 28 GHz, advanced multi-beam functionality

• Channel measurements: massive, beamspace, and multi-beam

• Lens array and  beam selector network optimization

• Spatial analog-digital interface design (CSP+HW)
– Gigabit-rate DSP power hungry; more analog processing?

• Wideband high-dimensional MIMO
– “beam-squint” problem
– Waverforms: OFDM, SC, SC-OFDM? Short-Time Fourier

• Scaled up CAP-MIMO testbed & commercialization

Ongoing Work

AMS mmW MIMO 20

Conclusion
• Beamspace mmW MIMO: Versatile theoretical & 

design framework 

• CAP-MIMO: practical architecture 

– Scalable perf.-comp. optimization

• Compelling advantages over state-of-the-art

– Capacity/SNR gains

– Operational functionality

– Electronic multi-beam steering & data multiplexing

• Timely applications (Gbps speeds & ms latency)

– Wireless backhaul: fixed point-to-multipoint links  

– Smart Access Points: dynamic beamspace multiplexing

– Last-mile connectivity, vehicular comm, M2M, satcom

• Prototyping & technology development

– Multi-beam CAP-MIMO vs Phased arrays?

AMS mmW MIMO 21
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Thank You!

http://dune.ece.wisc.edu/wp-uploads/2015/11/beam_sel_ciss_final.pdf
file://///webserver.cae.wisc.edu/dune.ece.wisc.edu/html/pdfs/brady_aps_bs_mimo_2012.pdf

