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Background and Motivation ND TECHNOLOGY

% Spectrum crunch: A fundamental bottleneck
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*¢ mm-wave bands: Less congested, more bandwidth
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Background and Motivation

AND TECHNOLOGY

O ‘Iypical receiver
A Corresponding transmitter
of the typical receiver

100 — p— A LOS interferers

i & NLOS interlerers
Lz |Blockagcs
2
S 7
2
£ 3
< } A
T Y
b 0.1<_ .
] i
Ny P
vorlZ Hugepathiloss

S 1 | ;
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380400
Frequency (GHz)

[G. R. MacCartney et al,, 2013]



THE HONG KONG ™

Hybrid Precoding for mm-Wave MIMO Systems  uuvesi or science ]

I I AND TECHNOLOGY
Background and Motivation CHNOLOG

% Large-scale antennas can be patched together

» Large antenna gain to compensate the path loss

% Conventional Approach: Analog beamforming

» State-of-art in mm-wave WiGig systems [E. Perahia et dl, 2010]

—’[ DAC ]—’[ RF Chain ]" : o Spatial multiplexing
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Introduction to Hybrid Precoding

*+* New transceiver architecture

Sub-6 GHz systems: fully digital precoder

THE HONG KONG ™
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mm-wave systems: hybrid precoder

4 ) 4 )
[ RF Chain Y ST ‘ /@'
> ain
Digital :: RE Chain Y Digital : | A Ale Y
baseband : baseband Nir = N
N, |
precoder : y precoder J{RE Chain |—| .
* RF Chain
\_ J \_ J

QI: Can it approach the performance

Y6,

% Key differentiating component

of the fully digital precoding?

Q2: How many RF chains are needed!?

» Mapping from RF chains to antennas



THE HONG KONG ™

Hybrid Precoding for mm-Wave MIMO Systems  uuvesi or science ]

Introduction to Hybrid Precoding AND TECHNOLOGY

% Analog RF precoder structure

» Signal flow determines the “mapping strategy”

Y
—| RF Chain |— Y —s| RF Chain |

N § Ny 5 N 5 Ny
—{ RF Chain |— Y —| RF Chain |

Fully-connected mapping Partially-connected mapping

g Lalg

Q3: How to connect RF chains and antennas?
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Introduction to Hybrid Precoding AND TECHNOLOGY

% Analog RF precoder structure (contd)

» Adopted hardware determines the “implementation”

» For each connected signal flow

j / /®' SPS implementati&

—»[ RF Chain ]—' | /@; /@' DPS implementation

@ e @ FPS implementation
/7 /

N. /

Q4: How many phase shifters are needed!?
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I Hybrid Precoding for mm-Wave MIMO Systems

“* General multiuser multicarrier systems

£, gumm —
T
</ B
ST e e I RF
5y » IFFT :
& ¢ | Chain Analog
; A
. 1
— Digital KN, < :NE{F < N pre- N, K users E
KN, ' || Pre- ' v
T J™ RF coder
data streagng > IFFT
—| | coder > Chain
i —

» One single digital precoder Fzs; s for each user on each subcarrier

» Analog precoder Fgr is shared by all the users and subcarriers
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Introduction to Hybrid Precoding AND TECHNOLOGY

“* Problem formulation
» Minimize the Euclidean distance between the hybrid precoders and

the fully digital precoder [0.EIAyach et al, 2014]

minimize ||Fopt — FRFFBB”%
FRF'}FBB

subject to @FBBMT < P, Power constraint

Frr € A,

» A, varies according to different mappings and implementations

Fopt = |:Fopt1 Lo Fopty e ,FoptKF] enN, x kN, r Q4 How to efficiently
design hybrid precoding
Fgs = [FeB11, - FBBrfr  FBBR F| € Ngp X KNF algorithms?

10
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Introduction to Hybrid Precoding AND TECHNOLOGY

% Existing works
» Most focused on the SPS implementation

B Orthogonal Matching Pursuit (OMP) [0.El Ayach et al, 2014] [T.E. Bogale et
al., 2014]

A candidate set for Frr

Array response vectors or DFT matrix

B Channel phase extraction [L. Liang et al,2014]

B Successive interference cancellation (SIC) [x. Gao et al, 2016]

» How to achieve the fully digital precoder [E. Zhang et al, 2014] [T.E. Bogale et
al., 2016]

B Large numbers of RF chains and PSs needed

11
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Introduction to Hybrid Precoding AND TECHNOLOGY

** Performance metrics

» “Scoring triangle”

Spectral efficiency

Hardware ~ Computational
efficiency efficiency

Baseline: SPS fully-connected with OMP

12
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. AND TECHNOLOGY
Key Questions

** QI:Can hybrid precoder provide performance close to the fully
digital one!

% Q2: How many RF chains are needed?

<+ Q3:How to connect the RF chains and antennas?
“* Q4: How many phase shifters are needed!?
“ Q5: How to efficiently design hybrid precoding algorithms?

13
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Key Design Aspects AND TECHNOLOGY

** Hardware complexity (# hardware components)

< Computational efficiency of precoding algorithms

¢ Achievable spectrum efficiency

14
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Algorithm Design & Hardware Implementation I: SPS AND TECHROLOGY

% Single phase shifter (SPS) implementation

AL fully-connected
| N,/Nip partially-connected

—_RF Chain | . n > Fully digital achieving condition:

Ny = 2K N, Nip = 2N,

Q: Can we further

% Start from single-user systems reduce the number of
. S RF chains?
» Alternating minimization

[Ref] X. Yu, J.-C. Shen, J. Zhang, and K. B. Letaief, "Alternating minimization algorithms for
hybrid precoding in millimeter wave MIMO systems," IEEE |. Sel. Topics Signal Process., vol. 10,
no. 3, pp. 485-500, Apr. 2016.

15
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Algorithm Design & Hardware Implementation |: SPS AND TECHNOLOGY

“* Fully-connected mapping
11}11{%13‘%1;]238 |Fopt — FrRrFBB||5
> Digital precoder: Fsp = FLpFop
» Difficulty: Analog precoder design with the unit modulus constraints

minimize  ||[Fopt — FRFFBB”?:'
Frr.Fgp

subjectto |(Frr). | = 1,Vi,j.

» The vector x = vec(Frr) forms a complex circle manifold

M™ ={xeC™:|x1| = |x2| = = |[xn| =1}, m = N Ngp.

16
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Algorithm Design & Hardware Implementation I: SPS AND TECHNOLOGY

% 3 key elements in manifold optimization

» Tangent space:
TLGM™ ={y e C" : R{y ox"} = 0 }

» Riemannian gradient

grad f(x) = Proj, Vf(x)
= Vf(x) — R{diag [V f(x) o x"]}x

Vf(x) = —2(Fgp ® In,) [vec(Fopt) — (Fpp @ Iy, )x]

OPTIMIZATION ALGORITHMS
ON MATRIX MANIFOLDS

» Retraction: Retry : T, M™ — M™:

ad — Retry(ad) = vec { (x + ad), ]

|(x + ad)|

% Conjugate gradient algorithm

» Local optimum guaranteed

17
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Algorithm Design & Hardware Implementation I: SPS AND TECHNOLOGY

¢ Partially-connected mapping

» Block diagonal structure of Fgr

_pl 0 0
0 P2 0
_0 0 pN{;{F_

T
Pi = [exp (jg(i_l)_ﬁitg_kl) 1t €XP (]6@N+>]
Nrr Nrp

phase shifters connected to the i-th RF chain

» Problem decoupled for each RF chain

» Closed-form solution for Frr

. Nt
arg {(Frp)ii} = arg {(FOPt)i,:(FBB)Z,:H} , 1<i< Nyl = {z—]\f-‘

18
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Algorithm Design & Hardware Implementation I: SPS AND TECHNOLOGY

% Partially-connected mapping (cont’d)

» Optimization of Fas

minimize  ||Fopt — FRFFBB”?:
Fgp
Nt LN,
subject to HFBB||2F: .
Ny

» Reformulate as a non-convex QCQP problem
mixllgé%lribze Tr(CY)
Tr(A,Y) = Mg
subject to Tr(A2Y) =1
Y =0, Wl

» SDR is tight so globally optimal solution is obtained [z-Q.Luo et dl,2010]

%+ Converge to a local optimum

19
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Algorithm Design & Hardware Implementation I: SPS NP TECHNOIOGY

+s» Simulation results
Ny = 144, N, = 36, Ngp = Nip = Ny =3

30

—©— Optimal Digital Precoder
=—d— MO-AItMin

—&— OMP Algerithm

~—&—— SDR-AltMin

= SIC-Based Method
—3¥— Analog Beamforming

N
()]
T

Effectiveness of the
proposed AltMin algorithms

N
o
T

Fully-connected structure

Spectral Efficiency (bits/s/Hz)
> o

35 30 25 20 15 -10 -5 0 5
SNR (dB)
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Algorithm Design & Hardware Implementation |: SPS

Spectral Efficiency (bits/s/Hz)
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Simulation results

AND TECHNOLOGY

Ny = 144, N, = 36, Nip = Nip = Ngp, Ny =2, SNR = 0dB

6 —> &
ully-connected structure

Partially-connected structure

&

=== MO-AltMin
—&— OMP Algorithm
== SDR-AltMin

—&— Optimal Digital Precoder

2 3 4 5

RF

Employing fewer PSs, the
partially-connected mapping
needs more RF chains

21
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Algorithm Design & Hardware Implementation |: SPS

+» Conclusion

Spectral efficiency

Hardware
efficiency

Computational
efficiency

SPS fully-connected

UNIVERSITY OF SCIENCE )-UJ
AND TECHNOLOGY

Spectral efficiency

5‘

Hardware Computational
efficiency efficiency

SPS partially-connected

% Limitation: computational efficiency not good, thus difficult to
extend to MU multicarrier settings

22
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Algorithm Design & Hardware Implementation Il: DPS AP TEeHNOLO8Y

“* Double phase shifter (DPS) implementation

Ni/Nfp partially-connected

B {Nt fully-connected

Q:What is the benefit!?

» Sum of two phase shifters [/ + ¢ <2

[Ref] X. Yu, J. Zhang, and K. B. Letaief, "Doubling phase shifters for efficient hybrid
precoder design in millimeter-wave communication systems," submitted to IEEE Trans.
Wireless Commun., Mar. 2017.

23
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Algorithm Design & Hardware Implementation Il: DPS A" TEHNOOSY

“* Fully-connected mapping

» RF-only precoding

minimize  ||Fopt — FRFFBB”?:* 1 2
Frp “ minimize — [[Ax —b||5 + 2|x]|:
subjectto [(Frr): ;| <2 * 2
LASSO

> Closed-form solution for semi-unitary codebooks FesFip = Ing,
* . _|_
Fip = FopFip — exp {j£ (FoptFiip) } o (|FopeFip| —2) -
» Hybrid precoding

minimize  ||Fopt — FrRrFBB ||§r
FRF ,FBB

Redundant

24
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Algorithm Design & Hardware Implementation Il: DPS A" TEHNOOSY

% Fully-connected mapping (cont’d)

» Optimality in single-carrier systems

Fopt = FreFpp with Nip = KN, and Nip = Ny when F =1

S

Minimum number of RF chains

» Reduced the number of RF chains by half required for achieving
the fully digital precoding

» Multi-carrier systems

minimize ||Fopt — FRFFBBui‘
Frr,FB

» Low-rank matrix approximation: SVD
» Optimal solution

25
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Algorithm Design & Hardware Implementation |l: DPS

¢ Partially-connected mapping 0 Not much performance gain
obtained by the DFS

» Block diagonal structure . e
implementation in the

p1 0 -+ 0 ] partially-connected mapping
0 P2 0
Fre =1 . . ; T
i ‘ . = |qa,. g, QL

» Decoupled for each RF chain

L 2
P; :  minimize E lyi — aix;]|5 .

F; = {z € Z’(j — 1)]\,‘“}{:F +1 < SjNNT; }, yi = FL . (i,:), and x; = Fgg(J, 1)

xi'yi
» Eigenvalue problem  xj =X ( > Mf) 4= H;Hz
J

1EF;

w

26
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% Partially-connected mapping (cont’d)

» Dynamic mapping

Adaptively separate all the antennas into N, groups

> Problem formulation

maximize

Nip
{Dj}j=1 1€D

NRF’D {1

subject to
D NDy =0,

%Al (Z yiy )

N}
V];ék

» Modified K-means algorithm

B Centroid: xj =X\ (

» Converge to a local optimum

> vyl

?:EDj

Nip xH (ZiG’D y@vy{{) X

. J i
maximize
{Djx;},=% =1 J
NEF
subject to Dj={L-, Ni}
'D ﬂ D=0, Vj#k

27
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. . 2
) B Clustering: J" = argmax ¥
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Algorithm Design & Hardware Implementation Il: DPS A" TEHNOOSY

*** Inter-user interference

» Approximating the fully digital precoder leads to a near-optimal
performance in single-user single-carrier, single-user multicarrier,
and multiuser single-carrier mmWave MIMO systems.

> Inter-user interference will be more prominent in the multicarrier
system as the analog precoder is shared by a large number of
subcarriers

» Cascade an additional block diagonalization (BD) precoder

M Effective channel: Hi; = Wik, ;W Hi ;FreFpp;

B BD: H; ;Fepr; =0, k#j

28
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Algorithm Design & Hardware Implementation |l: DPS

4

L)

)

* Simulation results (Fully-connected)
N, =256, N, =16, K = 3, F =128, N, = 3, Nip = 9, and Njp = 3

120

—©— Fully digital BD
110 F | —&— DPS

—&— DPS w/o BD
—%— OMP (SPS)

100 |

Spectral Efficiency (bps/Hz)

SNR (dB)
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Spectral Efficiency (bps/Hz)

* Simulation results (Partially-connected)
N, =256, N, = 16, K = 4, F =128, N, = 2, Nip = 8, and Njp = 2

110 T

—S— Fully digital BD
—A— Modified K-means algorithm for dynamic mapping
=8 Greedy algorithm for dynamic mapping

90 I | —@— Fixed mapping

—&— SDR-AItMin (SPS implementation)

100

Superiority of the modified
K-means algorithm with
lower complexity than the
greedy one

SNR (dB)

30
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Algorithm Design & Hardware Implementation |l: DPS

+» Conclusion

Spectral gfﬁciency Spectral efficiency

Hardware Computational Hardware Computational
efficiency efficiency efficiency efficiency
DPS fully-connected DPS partially-connected

“ Limitations
¢ Too many phase shifters needed
¢ Adaptive high-resolution phases needed

AND TECHNOLOGY

31
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Algorithm Design & Hardware Implementation Ill: FPS NP TEHNOOSY

% Fixed phase shifter (FPS) implementation

g o o oy,

l Q: How to design these
“ @ adaptive switches?

— RF Chain

KN, < Nip < N,

—| RF Chain

» N_ muti-channel fixed PSs
[Z. Feng et al., 2014]

[Ref] X. Yu, J. Zhang, and K. B. Letaief, “Hybrid precoding in millimeter wave systems:
How many phase shifters are needed?” accepted to IEEE Global Commun. Conf. (GLOBECOM),

Singapore, Dec. 2017.
32
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Algorithm Design & Hardware Implementation lll: FPS

*+* Problem formulation

minimize  ||Fopt — SCFpp Hi.
S,Fse

subjectto S € B

> FPS matrix C=diag|c,c,---,c|, c= VN, [6391’6392,_._ yejeNC
—_—— e

t
NRF

» Switch matrix S e {0, 1} NeNar

“* An objective upper bound enables a low-complexity algorithm

» Enforce a semi-orthogonal constraint of Fsp [X.Yu etal,2016]

H 2 H 2
FBBFBB = FDDFDD =« IKNS

|Fopt — SCFg||7 < |Fopil|% — 2R Tr (FppFH2 SC) + o2 ||S|%

opt

AND TECHNOLOGY

33
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Algorithm Design & Hardware Implementation Ill: FPS NP TEHNOOSY

% Alternating minimization

» Digital precoder
maximize R Tr (FDDFH SC)

opt
Fpp P

subjectto FH,Fpp = Ik,

» Semi-orthogonal Procrustes solution Fpp = V,U”

» Switch matrix optimization
. 2
mnggnze H?R (FopthD CH) — aSHF
subjectto S € B

» Once a is optimized, the optimal S is determined correspondingly

A %(FopthDCH) > %]‘NtXNcNﬁF a > 0
IR (Fope FE,CH) < Sy NNt <0

*

34
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Algorithm Design & Hardware Implementation Ill: FPS NP TEHNOOSY

% Alternating minimization (cont’d)

» Optimization of a
of =arg min  {f(Z;), f(Z:)}

@ -
j=1Tj

a < 0and ==Y € (23,23,
% = sort(vec(Fop FHpCH)) @i £ Zizmmi @i 5 g and == % ¢ (93, 93,

n—i

+00 otherwiese

» Search dimension: 2N, Ngg N, 0
» Optimal point can only be finite 2:

* : =
o = arg min  f(z;)

» Search dimension: |X| <« 2N, NN,

% Converge to a local optimum
Q: How to reduce # phase shifters?

35
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\/ .
** New mapping strategy
-Rl o ... 0
» Group-connected mapping . 0 Ro 0
RF — . . .
Group 1 j~ 0 0 -+ R,
—1 RF Chain [—
NRF{ : y a N, » 1 =I:fully-connected mapping
Ui ' 1 : n = . i -
~{RF Chain | v n » 11 =Ngg: partially-connected
minimize |F; —RiBiH%

19 k3

subjectto R; € Aj;,

Group 7

j 3
— RF Chain — j
NRF{ : F, 5 NV
n ) : \ 5 "
—+ RF Chain — v 7

36
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% Simulation results: SU-SC systems

Ny =144, N, = 16, Ny = NLp = N, = 4, and N, = 30

35

—©&— Fully digital
| | —&— FPS-AItMin
30 =—fp— MO-AltMin
—F— OMP

25

20 -

Effectiveness of the

15

proposed FPS
implementation and the FPS-
AltMin algorithm

Spectral Efficiency (bps/Hz)

-30 -25 -20 -15 -10 5 0
SNR (dB)
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Algorithm Design & Hardware Implementation lll: FPS

Spectral Efficiency (bps/Hz)

%+ Simulation results: MU-MC systems

100

90

80 -

70

60

50
408

30

AND TECHNOLOGY

Ny =144, N, =16, K =4, F = 128, N, = 2, N = 8, and Ni,p = 2

—o&— Fully digital

—— DPS fully-connected
—l— FPS-AltMin

—F— OMP

-10

SNR (dB)

10

Significant improvement over
the OMP algorithm

38
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Algorithm Design & Hardware Implementation Ill: FPS NP TEHNOOSY

* Simulation results: How many PSs are needed?
N, =256, N, = 16, K = 4, F =128, N, = 2, Nkp = 8, and Nfp = 2

SU-SC Systems MU-MC Systems

35 oo
gt —g—m—s— il s el il

wl T ) e =
- > 627 N, =2304
had | -I; 60 | —oO— Fully digital | | 5 :
g \ g —>— DPS Only ~15 fixed phase shifters
g = | : 58 - —&— FPS-AltMin 1 _
- Vs 576 | 8| o | are sufficient!
£ . =
8 30| | —9— Fulydigita { gs2t N =iies : 200 times reduction
%) —&— FPS-AltMin & PS

—B— MO-AltMin I l i
| i | e compared with the DPS
a8 f implementation
N 7
28 ‘ : ' ‘ ' ' ;

o~
[

10 20 30 40 50
N

o]
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Algorithm Design & Hardware Implementation |ll: FPS ~ ANPTECHRNOGY

s Simulation results
N, =256, N, =16, K =4, F = 128, N, = 2, Nt = 8, and Nip = 2

110

—8— Fully digital

100 | | —g— FPS (5=1, fully-connected)
=—dle— FPS (n=2, group-connected)
90 I | —— FPs (=4, group-connected)
—%— FPS (=8, partially-connected)

Spectral Efficiency (bps/Hz)

SNR (dB)
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Algorithm Design & Hardware Implementation lll: FPS

+» Conclusion

Spectral efficiency

6
Hardware Computational
efficiency efficiency

FPS group-connected

THE HONG KONG ™
UNIVERSITY OF SCIENCE uT_UJ
AND TECHNOLOGY
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AND TECHNOLOGY
Takeaways

** QI:Can hybrid precoder provide performance close to the fully
digital one! YES

<+ Q2:How many RF chains are needed? KN,
% Q3:How to connect the RF chains and antennas? Group-connected

* Q4: How many phase shifters are needed! ~|5 FPSs

“ Q5: How to efficiently design hybrid precoding algorithms?

Alternating minimization, implementation dependent

42
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AND TECHNOLOGY
Takeaways

¢ Comparisons

Imple- Hardware complexity Computational
Structure Design approach Performance
mentation (No. of phase shifters) complexity

ops Fully-connected MO-AltMin NipN: Extremely high e
Partially-connected SDR-AItMin Ny High v

OPS Fully-connected Matrix decomposition 2NEr (Nt — Nip) @) (A-TﬁpQNtF ) VY
Partially-connected Modified K-means 2Ny O (AHN’E{FQNt F ) vV
FPS FPS-Alt-Min N. <« Nt Medium VY

% The current SPS implementation is not a good choice due to the
high design complexity caused by the strict hardware limitation

% The DPS implementation is an excellent candidate if high-
performance hybrid precoders are required with low design complexity

% The FPS implementation finds a trade-off between the hardware
and computational complexity, while with satisfactory performance

43
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. [
I The Hybrid Precoder Landscape UNIVERSITY OF SCIENCE ]

4 - 5

Baseline: SPS fully- SPS fully-connected SPS partially-connected
connected with OMP

6

DPS fully-connected DPS partially-connected FPS group-connected
a4
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Future Research Directions oC

> Joint design with CSI acquisition
» Performance evaluation of hybrid precoding algorithms
» Further reduction in computational complexity

» Hardware implementation and testing

» Hybrid precoding with low-precision ADCs
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