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mm-wave MIMO Wischan

Wireless bandwidth requirements are exploding (I-phones,
I-pads, video)

mm-wave Systems provide a unique synergistic opportunity
- 60-100 GHz; large bandwidths (GHZz)
- MIMO operation with compact arrays; short wavelengths (3-5mm)

mm-wave line-of-sight (LoS) links (Gigabits/s speeds)
- Wireless backhaul; alternative to fiber for connecting wireless traffic
to backbone internet
- Indoor wireless links (e.g., HDTV)
- Smart basestations

State-of-the-art:
- Traditional DISH systems with continuous-aperture “dish” antennas
- MIMO systems that use discrete arrays




A continuous aperture “dish” antennas
(aperture)

v

R (link length)

Pros: Large array gain (SNR gain) (Bridgewave)
proportional to m ~ 2A/\c

Narrow beam (continuous aperture)

Cons:  Single data stream




MIMO System 0
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Discrete Antenna Arrays

A (aperture)

< R (link length)

- Multiple data streams (spatial multiplexing)
ros:

(# data streams limited by A and R)

Cons:  Reduced array gain (due to discrete antenna elements)
Grating lobes




MIMO System

(Madhow, Rodwell et. al; Allerton 2006)
(UCSB architecture)

transmit array

A

A

M (aperture)

R

receive array
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Ssubarray
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Bohagen, Orten, Oien 07

Chalmers

receive array has N elements,
each of which is a subarray




Phased Arrays (Beam Steering) s
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High efficiency Low-loss
CMOS discrete
Power amplifier  phase shifter

_> ’ 4 Antenna-array
>
RF signal FESEIT |
_> ’ \'4
_> ’ N
By shifting discrete phase,

beam direction is steering.

- —

forming

(Tohoku University)

MIMO can also be implemented as a discrete phased-array
Implementation is challenging for large number of antenna elements




CAP-MIMO: Hybrid Analog-Digital Tmnsceiver'Lgﬁ

WISCONSIN
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% DFT [ %M DLA [ XV} H ~
X, 2 2 r X
- . Reconfigured | Processing
(noise + interference)

Analog component: High-resolution Discrete Lens Array (DLA)
Analog beamforming

Digital processor: Oversampled discrete Fourier Transform (DFT)
stable interface to the analog front-end

Digital modes: p = number of (spatial) data streams
Analog modes: n > p (continuous aperture)

Compelling performance gains over state-of-the-art:
- Capacity and power efficiency
- D/A complexity
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Motivating Questions
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What's the capacity of a LoS link at any operating SNR?

How do we approach link capacity in practice?
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analog spatial modes: n=

n x n MIMO system: r=Hx+w

Beamspace characterization of H: coupled phased arrays
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¢ Spatial angle

d

—< J Spatial frequency: 6= 3 sin(¢) I I
Array steering (1x) - 1 i,
or response (rx) 20
vector:
Wl = S

(n-dimensional
spatial sinusoid)

6—j27r9(n—1)




Critically-spaced Phased Array @
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(modes = beams) 7

d = ?C —> 0 = 0.5sin(¢) 4

v T
—— < Pp< — &= ——<hHL
2_¢5_2 <0<

DO | =
DO | =

4
<
n orthogonal spatial beams/modes —<
4

9@:2AQO:— 1:0, ,n_l
n
]. Ac . . . ET:'U
Abo = — < Ado = — (spatial resolution/beamwidth)

DFT matrix: 1

n-dimensional |Un = % [an(ﬁo), an(ﬁl), Tty dAn (Qn—l):

orthogonal basis




Channel Induced by Critically Sampled

Apertures
6 = 0.5sin(¢)
A W— ¢ d

R / )

29ma:c . AC

_ 1 - Aech — n — @

e—j271'9
a,(0) = A
= == =0,
0; = i1Af,, Z4R l

6—j27r0(n—1)

h x n (all-phase) channel matrix:

Channel power:
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Ab.p, = sin(Qpmazr) A0, =~ —Al, < A,




Digital Modes (Multiplexing Gain): v,
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WISCONSIN
Coupled Orthgonal Beams e
AZ
n = 40 analog modes Pmas = Ty Pmaz = 4 digital modes

Finite

Receiver
aperture
270
A
: 2R
Maximum number of
digital modes: W A2

Pmax = AQO — R)\c




Link Capacity: Exact Approach

nxnMIMO system: 1r = HxX+ W w ~ CN(0,1)
H is deterministic - known at TX and RX

Capacity-achieving input is Gaussian

x ~ CN (O, VASVH)

Total TXSNR:  tr(Ag) =Y p; =p
=1

Transmission on transmit eigenvectors

>, =HYH=VAVH
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Link Capacity: Exact Approach

nxnMIMO system: 1r = HxX+ W w ~ CN(0,1)
H is deterministic - known at TX and RX

T

max Z log(1 4+ Aipi)

Pi3zi Pi=P ;—1

Pejy
(Peff ~ Pmas digital modes) ’;c: max Z log(1 + X\;p;)
PiiZfeH pPi=p ;1

Cl(p) = log I+ AA;| —
()=, max  log|l+AA| —

Peff
(equal transmit power allocation) > Z log (1 + A\ )
(pi = p/Desy) Peff

2
(equal channel power allocation) R Peyylog (1 + p—?; )

(Xi = 02 /pess =n°/peyy) Pers
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CAP-MIMO Capacity: Accurate Closed-
form Approximations

?’L2
C(p) = Pmaz 10g(1 + prz) = Dmaz log (1 + P )

max

pma:c

prr = RX SNR per mode = p ;2

= number of digital modes (multiplexing gain)

2

(large SNR gain)

max

MIMO interpretation:
2
P %

pmam pma,a:

Prz =

TX SNR/mode x channel power/mode

Phased-array interpretation:
P xnx =
pmax pmam

TX SNR/mode x TX array gain x RX array gain

Prz —

pmaa:
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Digital
modes




Transmit-Receive Array Gain

Orthogonal g, = A0, 1
beams: n
i=0,-,n—1

Far-field power density: ]bi(9)|2

bi(0) = —=all(0)a, (0)

_ 1 sin(mn(fd —6;))
Vvn sin(w(0 — 6;))

far-field power density

TX array gain: n-fold
(compared to
omni-directional

antennas)
Narrow 1 Ao
beams: Ao = n > AP = A

1200

1000

G

600

400

200
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o (degrees)

n = 1245; Pmaz = 4;

= RAYp, = — =

pmaa:

(Rx gain)




DISH System Capacity
(no multiplexing gain, large SNR gain)

2

log (1 +p e ) < Cuisn(p) <log (1 — pnz)

maix

Digital
Pmax modes
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MIMO System Capacity o
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(maximum multiplexing gain, no/small SNR gain)

52
Omimo(p) = Pmax log (1 + P 5 = ) = Pmaxzx log(]- + P) 0(2: — p?n,aa:
. . . RA
Uses Pmaz antennas with (Rayleigh) spacing: dray = "

Power loss: Grating lobes

pmam 130

Ne — 1

__ | grating lobes 5
- for each =
CAP-MIMO beampatterns beam MIMO beampatterns




Capacity Summary WisCorsiY
MIMO Omsz(p) = Pmaz log(l + p)
n2
DISH: log (1 +p ) < Cuisn(p) <log (1 + pnz)
2
CAP-MIMO: 1) = prastog (14 95— )

’I’L2

2
Dmax

SNR gain over MIMO: G =

Multiplexing gain over DISH: Pmax




2D Square Apertures

A x A square aperture

Ho y=H®H

Analog modes: Nog =N, N~ ~—

Digital modes: Pmaz.2d = Ponaz » Pmaz = Rn

Transmit Yivoa = HyHog = VogAog Vi,
Covariance
Matrix: Vou =VRV Aog=ARA
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10°

Capacity (bits/s/Hz)

Potential Performance Gains
fe =60GHz ; A\, = 5mm

1D (linear) aperture

1D aperture: B0GHz; R=1km; A=1.58m

10’

- 40dB gain

- | = 8= DISH - lowerbound
~| = # = DISH - upperbound (CAP-MIMO-EF)| - -
| == CAP-MIMO-MUX (app)
—— CAP-MIMO-MUX {unif)
| = CAP-MIMC-MUX (ex)
== MIMO

I
i

i i
-60 —40 -20 0 20 40 &0

SNR (dB)

R =1km ; A = dyqy = 1.58m

n=0632; pmaz =2 (6 =50dB)

Rate (1 GHz BW): 40 Gb/s @ SNR = 20dB

2D (square) aperture

20 aperture: 60GHz; R=1km; A=1.58m x 1.58m
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Capacity (bits/s/Hz)

10"

1RE

10

#5048 gau:;;fff.....ﬂ

-
...l'...# ’

# = @ = DISH - lowerbound
:#-7| = # = DISH - upperbound [CAP-M
o F | =——f— CAP-MIMO-MUX (app)
1| == CAP-MIMO-MUX (unif)
% | —e— CAP-MIMO-MUX (ex)
S Iy
o | =% MIMO (30dB gain)
T

IMO-BF)H

1 f 1 *

—40 —-20 0 20 40
SNR [dB)

G0

R = 1km ; A = 1.58 x 1.58m?

nod = 399424 5 Praz2q =4 (6 =100dB)

Rate (1 GHz BW): 200 Gb/s @SNR = 40dB




CAP-MIMO Configurations: Beam-Agility

p:]-,"';pmaa:

?’L2

ppmaac

C(p) =~ plog (1 +p

)

n = 405 Pmazx = 4

Low robustness
(maximum capacity)

p=2

INT
Medium Robustness
(medium capacity)

TH

zzzzzzzzz

BF
High robustness
(lowest capacity)
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Analog Front-End: Discrete Lens Array @

(long history: e.g., McGrath; Cox; Popovic; Behdad) @ WISCON

x(1)

X DFT |_%M,[ DLA | X,

x2 | U x2 | U X(2) H y r
—» ¢ _— a > | Receiver |—°
: : :> @ :> Processing :>
wil

Reconfigured

X(p) | (digital) xa{nll (analog) !i'ﬂ. Channel

(noise + interference)

Za(1)
Output xa(2)
of
Digital  Fal3) ” Analog
Transform R o
A R Beamforming }
D/A :
upconversion /320
Ta(n)

270

Analog Fourier .
Focal arc Tr'a?\s Form Aperture (phase profile)




D/A Complexity 9

Phased Array: digital beamforming

n —dim. D/A interface

270

n active inputs

MMMMMMM

DLA: analog beamforming

n —dim. D/A interface

270

n active inputs




D/A Complexity 9

Phased Array: digital beamforming

n — dim. D/A interface

a0

1

AAAAaA

270

n active Inputs

MMMMMMM

DLA: analog beamforming

O(pmaz) — dim. D/A interface

a0

1

270

O(pmaz) active inputs




270

Smart basestations




Conclusion

O DFT |59 DLA

X (2
(2] UE xa.l[EJ Ua

X,(p) | (digital) xa'{nJ (analog)

X(1)

X(2) H y r

) —>Hr—>
wlT

X(n) Reconfigured

b Channel

Receiver
Processing

(noise + interference)

Hybrid Analog-Digital CAP-MIMO Transceiver

- MIMO multiplexing

gain (w/o grating lobes)

- Power/beamforming gain of continuous apertures (DISH)
- Beam-steering advantages of phased arrays
- Analog beamforming: dramatically reduced-complexity A-D interface

Very compelling capacity/SNR gains over the state-of-the-art

Timely applications

- Long-range wireless backhaul links (> 100 Gb/s)
- High-rate short-range links (> 10 Gb/s)

- Smart basestations

TTTTTTTTTTT
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Prototype Specifications g
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+ 10 GHz carrier frequency

+ Two 40cm x 40cm (aperture) DLAs, one for the
transmitter and one for the receiver

» 10-20 feed antennas for exciting the focal arc of
the DLAs

- 10 ft link length - with line-of-sight (LoS)
propagation

+ p=4(2x2),n=676 (26 x 26)




)

Y

o
N

Capacity (bits/s/Hz

—e— CONV (=DLA-RES-BF) |]
---- CONV-MIMO '
—— MIMO-DLA-RES-MUX

SNR (dB)

Linear array: p=2, n=26

TTTTTTTTTTT

MMMMMMM




Prototype Capacity Assessment: 2D

3

10

| —— CONV (=DLA-RES-BF) |]

-==- CONV-MIMO
—— MIMO-DLA-RES-MUX

SNR (dB)

Square array: p=4, n=676 (26 x 26)

0
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Next Steps

* Ray-tracing design of DLA aperture phase-
profile (Fall 2010)

+ Detailed full-wave simulation DLA design
(Spring 2010)

- Impact of feeds

- Far-field beam patterns (at the receiver)

* Prototype building (Spring 2010)

» Prototype measurement (Summer 2010)




x$,(i) (quadrature-phase) Symbol pulse
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g(t) _ :
| % 0=%,M00-TT) oy =x5,0+ i,
X | x x;,() (In-phase) 0 T £=L---n c s
| : X, (1) = X5, (t)cos(2Af t) — X7, (t) cos(2f t)
X, () =X, () + xS, () l
x_, (i) Xa1 (1)
e CEr T o > - >
T L 1l RS
> Transform fo--pq-e 2l Digital [T\ > upcoversion | A~
= U to from g u
P ° -\ Analog baseband | ] a
Xe,o(l) p X N - > Conversion  : to pGSSband 7)/____:___
RN ) A
/T /l\ N
Processed Radiating aperture
Data cos(27f.t) , sin(27f.t)
streams
Digital data (symbol) Focal surface feeds
streams Order Pm

(complex constellation) outputs active
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Fa() r,. ()
NRTIE AD (R0
- >| Conversion [ 7 %)
A + : > Digital Xeoll) 3
Downconversion f > Processing :
; From 2. . (i)
---------- Passband -
/", "\2| To baseband A
Receiver aperture
Estimates
Of transmitted
received Digital data
analog streams
passband Order pmaX.
signals on outputs active

focal surface

: , T
feeds/sensors a,, (9) — {1’ 6—327ﬂ9j o 6—32779(71—1)}




CAP-MIMO: Overview e
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Combines features from three technologies:
- Continuous aperture "dish” antennas (power gain)
- Multi-antenna (MIMO) technology (multiple data streams)
- Phased arrays (digital beamforming, beam steering)

Hybrid Analog-Digital Architecture

- Analog: High-resolution Discrete Lens (Phased) Arrays
(DLASs) - Analog spatial beamforming

- Digital: Discrete Fourier Transform (DFT)

Compelling performance gains over state-of-the-art
- Link capacity

- Power/bandwidth efficiency

- A/D complexity
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p—J2m0(n—1)

1
—7270
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Transmit-Receive Array Gain

d
0 = x sin(¢) = 0.5sin(¢)
Orthogonal g, = A0, i
beams: n
1 =0,---,n—1

Far-field power density: ]bi(9)|2
1

bi(0) = ﬁaf(Q)an(Hi)

1 sin(mn(6 —6;))

~ /n sin(m(0 — 6;))
TX array gain: n-fold

(compared to
omni-directional

antennas)
Narrow 1
beams: A0, = - +— Ao, =

far-field power density

C

A

an

1200

1000

800

600

400

200

() = {1’ e 9270 L. €—j271'9(n_1)}T
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0 (degrees)

n = 1245; Pmaz = 4;

R\. A

= RA¢, = T "

~

(Rx gain)




