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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
— Autonomous Vehicles
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
— 37 Workshop Tucson, Jan 2018.
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Two Key Advantages of mmW v
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Large bandwidth & narrow beams
6” x 6” access point (AP) antenna array: 9 elements @3GHz vs 6000 elements @80GHz

Potential of beamspace multiplexing
Power & Spec. Eff. Gains over 4G
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> 100X gains in power and & spectral efficiency

Key Operational Functionality: Multibeam steering & data multiplexing

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

Conceptual and Analytical Framework: Beamspace MIMO
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Beamspace Multiplexing v
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Multiplexing data into multiple highly-directional (high-gain) beams

Antenna space giscrete Fourier Transform (DF'I;) Beamspace

n-element array

multiplexing multiplexing

n orthogonal beams
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n spatial channels
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Beamspace Channel Sparsity O
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mmW propagation X-tics
* Directional, quasi-optical * Single-bounce multipath
* Predominantly line-of-sight * Beamspace sparsity
Point-to-multipoint MIMO link Point-to-multipoint multiuser MIMO link
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high (n)-dim. spatial signal space
low (p)-dim. comm. subspace
How to access the p active beams with the lowest - O(p) - transceiver complexity?
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Hybrid Analog-Digital Beamforming @
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Lens Array Architecture

p data P TR+ p data
DAC/AD( streams  pTR+
m:g eams chains DCMDC ‘
m.{{p/'
Comp. Hardware AN O(p) O(p) .
Complexity: Complexity: p 2> n comp. T/Rchains Phase Shifter (np)
n>pdim. n=2>p Beam selector complexity + Combiner Network

matrix ops RF chains (switching) network

DAC/ADC
LATIEN nd.im.hn‘LT'JT:u. NRF — 1:

Digital / \ - Analog beamforming
Beamforming I“:{l s -y N'RI': = n: |
Architecture e = = Digital beamforming

=

= 1 < Nrp < n:

a Hybrid beamforming
avsaiy M T/R chains: prohibitive hardware + comp. complexity (RH et al., JSTSP 2017)




Lens Array versus Phased Array for Multi-
beam Forming
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Key performance/complexity/cost metric: number of RF chains = Nip

Three cases help differentiate between the three mmW MIMO arhitectures:

e Extreme 1: Nirp = 1: a single-beam phased array for analog beam-

forming (ABF) is most cost effective

e Extreme 2: Npr = n = number of antennas: A conventional (massive)
MIMO system with digital beamforming (DBF) is most effective

e Intermediate: 1 < Nrp < n: the practically most relevant case — hy-

brid analog-digital beamforming (HBF) is needed.

Two main possibilities for generating Nrpr beams:
1) multi-beam CAP-MIMO architecture

2) multi-aperture phased array architecture - one sub-array for each beam
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Slice Ny beams/sector
mmWave Backhaul Array q
ol
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Multi User MIMO
w/ Beamforming
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Antenna size: L, X L,

Antenna dimension:
N ="ng X Ne

ne - azimuth , n. - elevation

2L, __ 2L,
Ng = \ y Ne = \
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K = 100 users Pt
W =1 GHz JPtas

AP height: hgp

cell radius: R,,qx

hAp

Rﬂmm

1 -1 (R
Cbe — 35 tan (—hﬂzzw)

0, azimuth
spread

One-sided sector angular spreads:
azimuth, elevation: ¢,, ¢. € (0, 7/2]

Two-sided beam spreads:
20, = Sin(gba) , 20 = Sin(gbe)

Orthogonal beams over coverage area:
Ny = Npa X Npe 5, Mpa - azimuth , ng. - elevation

20, . 20, .
Npa = N = Ng Sln(qba) y Npe = Ad = Ne SlIl(Cbe)

beam spacing: Af, = - , A, = -

Ne
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AP Array Size and Aspect Ratio
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Depends on:
- SNR requirements (cell size)

- K. # users
- ny: # orthogonal beams in the coverage area

Fundamental relationship between n and n,

ny o Np.a Np.e

n —

sin(¢q) sin(¢e)

Need ny, > Npp

= Ng X Ne

" sin(ga) . sin(ge)

larger ny, =higher gain & lower interference

higher beam management complexity

Aspect ratio: a =

Ng Given ny, Ge, and ¢g,

n
© how should we choose n,, n.?

Case 1: Equal number of beams in azimuth and elevation

nb —nbe
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Optimum Phased Array Configuration 0
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Cpa(P,R) =

WNgp PnK~ ,
e log, (1 + N]%FNOW) bits/s (bps)

Per-user bandwidth:

Pnry )
= W, lo 1+ W WNgp
52 ( NrrN, W, Wy = Kpp o K

Two competing effects of Nz = N, - the number of sub-arrays:

1T Ngrr (number of sub-arrays) = 1 Cpa

T Nrp = | ng = NLRF - size of sub-array

_n

Ns = Npp determines sub-array gain and # orthogonoal beams

need: # 1 beams from each sub-array = N”—}:F > Npp = Npr < /nyg
Ns,opt — /Ty — NRF
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Per User Capacity (Gbps)

PA Capacity Plot
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Optimum Phased Array Configuration Yy
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AIlt. dim.: n = NS X ’I’LS — (NSG X Nse) X (nsa X nse)
ny = 144 f

# sub-arrays # elements in sub-array
Multiple sub-arrays:

= — Nsa sa — 1 .
n =240 i < 6 Single array:

n = 240

=4

=16 x 15

= Ng X ng
=12 x 20

15

# sub-arrays: Ns = 12

|
= Ny X Nge I §
=4 x 3 z

= | 3

by Llo I. . . .

. U

in sub-array: = Ny X Nge o ‘
+—>

=4 x5

Ne

Nsa—=4

Ns,opt — /Ny = NRF = 12

AMS Asill7

11




CAP-MIMO AP: Beamspace Sectoring @_
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Ngo = Nrp = /np = Ngu X Nge. — # beamspace sectors

Np.s = /b = Np_sa X Np,se — Fbeams per sector

Phased A CAP-MIMO
ased Array Beamspace sectoring
Array partitioning Npa = Nsa X Npsq = 12
< :Nsaxnsa:]-6 N} sa_4 V
sa =4 ‘: A ﬁ
I o | 2
o % | S
3 = e
< | < g
o = I ﬁ
3% v v gm =y §
I~ g v v
=4

nb,sa =3

Np,s = /Mp = 12 ny ~ 144

beams coverage beams coverage
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ldealized Per-User Capacity Expressions @_

WiSCONSIN
W, = KI/ZF = WII\([RF — per-user bandwidth Kgrp = NLRF — users per RF chain
PG

C =W, log, ( i ) bits/s (bps)

W NRrFp PnK~ ,
Cpa = e log, (1 + NZ OW) bits/s (bps)

W Ngrp PnK~ :
Com = e log, (1 + N, NOW) bits/s (bps)

\ 2
NRpopt = /b Ms,opt = T (m)

Free space path loss
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Simulation Parameters
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W =1 GHz, K = 100 users, Rpqr = 100m, hap = 10m 2¢, = 120°, 2¢, = 84°
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3.4” x 3.2” AP with 144 Beam Coverage
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L,=34" L, =3.2"
n ~ 240 (16 x 15) # beams (cover):
Ngrr = 12 RF chains; K = 100 users; Krp

Qg = 120° | 20, = 84°
ny ~ 144 (12 x 12)

= 8.33 users/beam

Phased Array VS CAP-MIMO
4 x 3 ~ — CAP-MIMO gains with :‘_ 4 %3
Array § e : additional RF chains ‘: Beamspace

partitioning = 10 . f sectoring
EEEE O ok EEEE
EEEE < ‘ _ EEEN
EEEE S ¢ i ) - CAP-MIMO(ideal)-N BEERE
g i =
o ; - CAP-MIMO(actual)-N
/ LIUJJ Sdme Ph. Array(ideal)-N ! /
A 5 1072 # RF :chams" STy rf 3 x 4
' ’ P —Ph. A tual)-N
X D % 5 — rray(actual) I_f Sub-sector
Sub-array o / ! -» CAP-MIMO(ideal)-K/4
Cell edge, -o CAP-MIMO(ideal)-K np ~ 144
vy &~ 12 20 10 0 10 20 30 beams coverage

beams coverage
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TX POWER (dBm)
1 GHz bandwidth; includes Friis free-space path loss 5
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5.3” x 5.9” AP with 400 Beam Coverage 9

WISCONSIN
L,=53"L.=5.9" 20, = 120° , 2¢. = 84°
n =~ 700 (25 x 28) # beams (cover): ny ~ 400 (20 x 20)
Ngrr = 20 RF chains; K = 100 users; Krr = 5 users/beam
Phased Array 1 | ' | oo CAP-MIMO
5 x 4 "g 10 ﬁ CAP-MIMO gains with ﬁ 5 % 4
Array @ _&-%1 additional RF chams L Beamspace
partitioning > 10° sectoring
EEEE © o EEEE
EEEE = - v M CAP-MIMO(ideal)N IEEE
e - - | -
BEEE [0 g e
r - ~CAP-MIMO(actual)-N _
/ = I3 Samc%e - - Ph. Array(ideal)-N A ></ .
5 X7 i 1021 / #RF chpins|__pp, Array(actual)-N . Sub
Sub-array & _I -= CAP-MIMO(ideal)-K/4 ub-sector
Cell edge, |- CAP-MIMO(ideal)-K np ~ 400
vy & 20 20  -10 0 10 20 30 beams coveragg
beams coverage TX POWER (d Bm) 4 beams/feed

. . . 1 — 5 switch
AMS Asil17 1 GHz bandwidth; includes Friis free-space path loss 6




Key Observation @
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CAP-MIMO AP spans the coverage area with n; beams

Phased Array AP spans the coverage area with ny, s = \/n, beams

N Phased Array Beamwidth /i
CAP-MIMO Beamwidth v 7

The idealized comparison accounts for this in SNR/array gain only
Would also impact multiuser interference

For the n; = 144 example:

Phased array beamwidths: 28° in azimuth and 23° in elevation

Lens Array beamwidths: 7° in azimuth and 7.5° in elevation

Overall a factor of \/n, = 12 = 4 x 3 larger beam area for phased array

AMS Asill7
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Lens Array

50
100

150

beamspace kronecker channel

250

reshaped lens Hb for one user

elevation
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Beamspace Channels
ny, = 144 Phased Array 1 s = 12

lens array Hb

beamspace kronecker channel

6 8 10 12
user index

elevation
w N

o

0.5

6 8 10 12 14
azimuth

phased array Hb

6 8 10
user index

phased array reshaped Hb for one user

azimuth
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With or Without Interference Suppression

MMSE — int. supp.

THE UNIVERSITY
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matched filter — no int. supp.
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MMSE vs MF Spatial Processing s
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K
Ante.nna doma.in r — E Skﬁkhk 1+ w = HBS + w
Uplink model:

k=1

B — dia’g(ﬁl'}.” JﬁK) ? 6]17 — 47TR . H: [hlﬂ". ')hK] ? hk :ana(aaak)®ane(9€ak)

Beamspace: LoS user channels
'y = UHI' — Hb,BS + Wy hb,k = UHhk
H,=U"H=[hy1, - ,hp ] = [Unan.(bor)] ®[U, an (0cr)]

beamspace processing: z; = Ly, = LHHst + Lw,

NRrF

W N
Sum rate: C'(Ly) = Fg KRF Z logs (1 4+ SINRy (Ly, Hy) | bps
k=1

AMS Asill7
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Equivalent to
600-element
conventional array!
Beamwidth=4 deg

Features

28 GHz Multi-beam CAP-MIMO Testbed

P2MP Link P2P Link W Ra%
| B L =

3 | CAP-MIMO AP BT

1-4 switch for
each T/R chain

Use cases
Real-time testing of PHY-MAC protocols
Multi-beam channel measurements

e Scaled-up testbed network
FPGA_based baCkend DSP (JB, JH, AS, 2016 Globecom wkshop, 5G Emerg. Tech.; AS, CH, YZ, mmNets 2017)
AMS Asil17 21
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Unmatched 4-beam steering & data mux. .
RF BW: 1 GHz, Symbol rate: 370 MS/s -1 GS/s .
Fully discrete mmW hardware




28 GHz Multi-beam CAP-MIMO Testbed
(CSP-HW-NET) e

6” Lens with 16-feed Array CAP-MIMO Access Point (AP)

FPGA + DACs/ADCs for the CAP-MIMO AP
supporting 4 complex (1/Q) data streams

- ¢
~ [ »,7‘ >
c F -~

o L

Sl

e g

F Beam S

Features

* Unmatched 4-beam steering & data mux.
* RFBW: 1 GHz, Symbol rate: >370 MS/s

e AP -4 MS bi-directional P2MP link

* FPGA-based backend DSP

Use cases

e Real-time testing of PHY-MAC protocols

* Hi-res multi-beam channel meas.

[ ] -
AMS Aﬁﬁ?led up testbed network (JB, JH, AS, 2016 Globecom wksp, 5G Emerg. Tech.) 22




Conclusion

e Phased arrays limited to single beam/RF chain per
aperture

e Sub-arrays for multiple beams:
— Wider beams
— Lower array gain & higher interference

e Lens arrays do not have the limitation
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— Significantly improved performance for same # RF chains

— Flexibility to add more RF chains for even higher capacity

e Future work
— Explicitly addressing frequency domain multiplexing

— Hardware non-idealities & losses (phase shifters, switches)

AMS Asill7
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