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Massive MIMO and Hybrid Precoder/Combiner




Massive MIMO

> BSs are equipped with a very large number
of antennas

> A large number of users are served
simultaneously
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> Also known as l F ...:ﬁ[iu..
> “Large-Scale Antenna Systems” ""*_f-"."mm"_
> “Very Large MIMQO” | _ g y.o> W
> “Hyper MIMQO” N2
o “Full-Dimension MIMO”
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簡報者
簡報註解
In conventional LTE using a normal MIMO, the maximum number of antenna in MIMO as of now is      8 x 2 or 4 x 4 and recently even 8 x 8 is mentioned.
�According to R1-163132 section 2.5, it is said that the number of antenna will be up to 256 in DL and 32 in UL in 5G



Challenges of Precoding in Massive MIMO

> In Massive MIMO systems with fully digital precoder / combiner

> Number of RF chains, ADCs/DACs and LNAs is identical to Number of antennas

1. The cost of RF chains and ADCs/DACs are higher especiallyfor mmWave devices
2. It demands more volume to allocate numerous circuits of RF chain and ADC/DAC

o To tackle the challenges, we may consider

> Analog beamforming -'II!HIIEIIEI.III-
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> Hybrid Precoder/ Combiner
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Hybrid Precoder

v" Fully digital precoders requires a large number of radio frequency (RF) chains
and analog-to-digital converters (ADCs)
> Pro: High spectral efficiency

o Con: High cost, large size, high power consumption

v" Fully analog precoders employing only one RF chain have been applied to
mmWave WLAN

> Pro: low implementation complexity
o Cons: one spatial stream per cycle

v' Better Tradeoff = Hybrid Precoder !



Hybrid Precoder/Combiner
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Structures of Hybrid Precoders
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Sub-Connected Structure



\
‘ Narrowband Hybrid Precoder/Combiner Designs
|




Signal Model of Hybrid Precoder

The transmitted signal vector is

X = Fs = FppFpps
v s : N x 1 vector of data symbols
v Fgp : NEF X Ng digital precoding matrix
v' Frr : Ny x NfFanalog precoding matrix

v' Power constraint ||FrrFggllé = N



Signal Model of Hybrid Precoder
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Signal Model of Hybrid Precoder
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Signal Model of Hybrid Precoder

At the rx, a hybrid receiver is employed and the output is
¥ = W WirHFpFrpFgps + Wi Wipn

v H: N, X N, channel matrix

v n: N, x1AWGN vector

v' Wir : N, X Nf¥analog combining matrix

v’ Wgp : NEF x N digital combining matrix



Optimization of Hybrid Precoder

v" Fully-Connected Hybrid Precoder / Combiner
1. Orthogonal Matching Pursuit (OMP) Algorithm [1]
2. Manifold Optimization (MO) Based algorithm [2]

v'Sub-Connected Hybrid Precoder / Combiner
1. Semi-Definite Relaxation (SDR) Based Algorithm [2]
2. Successive Interference Cancelation (SIC)-Based Algorithm [3]

[1] O. E. Ayach, S. Rajagopal, S. Abu-Surra, Z. Pi and R. W. Heath, "Spatially Sparse Precoding in Millimeter Wave MIMO
Systems," IEEE Trans Wireless Communications, vol. 13, no. 3, pp. 1499-1513, March 2014

[2] X. Yu, et al. "Alternating Minimization Algorithms for Hybrid Precoding in Millimeter Wave MIMO Systems," [EEE
Journal of Selected Topics in Signal Processing, vol. 10, no. 3, pp. 485-500, April 2016

[3] X. Gao, L. Dai, S. Han, C.-L. I, R. Heath, “Energy-efficient hybrid analog and digital precoding for mmWave MIMO
systems with large antenna arrays,” IEEE J. Sel. Areas Commun., vol.34, no. 4, pp. 998—-1009, April 2016



OMP Algorithm (Fully-Connected)

Achievable rate of the massive MIMO system
R = log (det (1+ 2 HFq FppFiFiHY ))

Problem formulation of precoder optimization:
max R = log (det (I + & HF;FppFip Fi-H ))

Subject to ‘[FRF]LJ-‘ =1/,/N;
||FRFFBB||12: = N




OMP Algorithm (Fully-Connected)

Ideally, the optimal solution of the effective precoder F = FyzFzp IS

Fopt — V1:NS
v' Vi.ng: cOmprises of first Ng left singular vector of H

Optimization of fully connected hybrid precoder
min Fopt FRFFBBH

Subject to ||Fgr] i}j‘zl/,/Nt
|FRFFBB||12: = N




OMP Algorithm (Fully-Connected)

v In mmWave channel, columns of F5 can be chosen from
a.(6y),a; (6,), ..., a,(0;)

v Nenote a matrix A, = [a,(8,), a; (6,), ...,a,(6;)]
> Construct Frr by choosing the best N2 columns of A,

v Optimization problem is now becomes
min ||Fope — FrpFap |
Subject to F% € {a,(6y), a; (61), ..., ar(61)}
||FRFFBB||12: = N;
> Given Fg, Fgpcab be found by orthogonal projection of F,,; on the
column space of Fyp



Algorithm 1 Spatially Sparse Precoding via Orthogonal
Matching Pursuit

Require: I,
1: Frr = Empty Matrix
2: Fres — Fopt
3: for i < N* do
4 v = A:Fres
50 k=argmax,;—y NN, (T¥),,
6:  Frp = [FRF’Agk)W

7

8

9

“1 o
Fpp = (FipFrr) s o Font orthogonal projection of F,,; on the

RE
F. — _Fopi—FrrFur column space of Fyp
' res = ||[Fopt —FrrFBBI|F
- end for
: _ / FgB

11: return FRF, Fggp




OMP Algorithm (Fully-Connected)

v" Given (Fgp, Fzp), the hybrid combiner design that minimizes MSE is
min E|[ls - W Wiy]|’]
Subject to |[WRF],;J-| — 1/\/Fr
v’ |deally, the MMSE solution of the effective combiner Wy sg = WE; WE is
Wiimse = [E[SYH]IE[YYH]_l

-1
= R FEpFi - H (HF g FppFppRFEFE-HY + 021)




OMP Algorithm (Fully-Connected)

v' Mathematically, the optimization in terms of
. 2
min E [Hs — WE, WhLy| ]

Is equivalent to the optimization in terms of

1/2
Elyy?| " (Wymmse — WrrWsg)

min

F
v In mmWave channel, columns of Wy, can be chosen from
ar(eo): a, (61); ey ar(HL)

v Nenote a matrix A, = [a,.(8y),a, (0,), ...,a,.(6;)]
> Construct Wy by choosing the best NEF columns of A,



OMP Algorithm (Fully-Connected)

v Optimization problem is now becomes

min

1/2
Elyy?| " (Wymmse — WrrWsg) )
Subject to W}gig € {a,(8y),a, (6,), ..., a,(61)}

Given Wy, 55, choose a column of A,., such that the inner products of
[E[yyH]l/ZWMMSE and IE[yy”]l/2 A" has the largest strength

Given Wy, Wipcab be found by orthogonal projection of IE[yyH]l/ZFOpt on

the column space of IE[yyH]l/ZFRF



Algorithm 2 Spatially Sparse MMSE Combining via Orthog-
onal Matching Pursuit

Require: Wyniske
1: Wgrr = Empty Matrix

2: Wres — WMMSE

3: for i < NEY do
4. U =A'E|[yy"]| Wies
5. k=argmaxe—1, .., NN, (T®"),,
6: WRF = [WRF|A(k)]

Wis = (WirE[yy” ]WRF) WirE [yy T Wanse

8. W.. . — WunuseE— WREW

: res |WMMSE — WRFWBBHF
9: end for

10: return Wgrpr, Wpgp
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MO Algorithm (Fully-Connected)

Problem formulation for MO algorithm
min ||Fope — FrpFap |

Subject to :FRF]LJ-‘ =1
|FRFFBB||12: = N

v Optimization procedure is similar to the OMP algorithm:

1) Given Fgp, Fggcab be found by orthogonal projection of F,,; on the

column space of Fp
2) Design of F;r employ Manifold Optimization



MO Algorithm (Fully-Connected)

» All feasible solutions of Frrlie on the space M /%
Mg = {xel™: |x| =|xz| = = |xp| =1}

» The tangent space at the point x € M}
T, ME={ze C":R{z-x"} = 0,,}

» Euclidean gradient of the cost function
V(%) = —2(F3p ® Iy,) [vec(Fop) — (Fig ®@ Iy, )x] (14

» Riemannian gradient at x € C™: orthogonal projection
of Vf(x) onto the tangent space T, M /%

gradf (x) = ProjyVf(x) = Vf(x) —R{Vf(x) e x"} - x  (13)

Riemannian gradient




MO Algorithm (Fully-Connected)

» The retraction of a tangent vector ad » The transport of a tangent vector d
atx € MV from x;, to Xy 41
d i . m m .
Retry(ad) = vec [ (x + ad) ] . (15) Transpy, —x .y, Lx, Mee = Ty Mee
[(x + ad);] dsd—R{dox},,}oxpp1, (16)

TaMee

T Mec

Transpy, _x,.,

T

Xk+1

M7
(a) Retraction (b) Vector transport




Algorithm 1 Conjugate Gradient Algorithm for Analog
Precoding Based on Manifold Optimization

Input: F,,, Fpp,x0 € M

1: dy = —gradf(xg) and k = 0;

2: repeat

3: Choose Armijo backtracking line search step size ay;

4:  Find the next point X 1 using retraction in (15): x4 =
Retrxk (Ozkdk);

5: Determine Riemannian gradient gi.1 = gradf(xxi1)
according to (13) and (14);

6: Calculate the vector transports g,j and d: of gradient g,

and conjugate direction d; from xj to Xg 1 1;
7:  Choose Polak-Ribiere parameter 3,4 1; >Vector transport
8: Compute conjugate direction dgy; = —gr+1 +

Bk+1d:; J
9. k<« k+1;

10: until a stopping criterion triggers.
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SIC-Based Method (Sub-Connected)

Consider a massive MIMO system

v N, = NFF . M
v Ng = NEF data streams are transmitted
v" Digital precoder is assumed digital : FBB = diag(d,,dy, ..., dy,)

v" Analog precoder :




SIC-Based Method (Sub-Connected)

The composite of precoding matrix becomes
¢ 0 0 O 5 01 0]]0
') o 0o of 110]] o]|o0
0 . 0 0% ] 0 o[ 0
N 10 0 O 2 210 0110 p; = d;f;

P = Frees = | o. 0 ~|o o.‘ of’

0 0 0 dy ollo 0
| S

0 0 O ; Ol|0]]| O
0 0 0™ 00| 0]ENs




SIC-Based Method (Sub-Connected)

DefineP £ FRFFBB = [PNS—I pNS]

Achievable rate of the hybrid precoding system:
R =log (det (I NSNOHFRFFBBFBBFRFHH))
= log(det(TN _1)) + log (det (I T NS;,OTﬁl_lﬂpN p%sHH))

= log(det(Ty,_,)) + log (det (I + NSNOpN HPTy ' Hpy, ))

v TNS_]_ =I+

—HPy 1PN _,H?

NSNO

v det(I + XY) =det(I + YX)



SIC-Based Method (Sub-Connected)

After N, decomposition, achievable rate becomes

R = 210g(1+ : p,’;’HHT—llﬂpn)

v T, =1+ 3HP,P/H"
v Ty =1y,
v Pn - [P]:,l:n

v Each column p,, can be optimized individually



SIC-Based Method (Sub-Connected)

Optimization of p,, (or p,, ):

S

max log| 1+ pIHYT, };Hp, | =log( 1+ s pIG,_1P
NSN() n n— NSN n+¥n—-1°rn
Subject to ‘[ﬁn]l‘:‘[ﬁn]z‘ - = Hﬁn]M‘
Ng M
z z |[f5n]m|2 = NS
n=1m=1

v G,_; = R,HT; 1, HRY

v R, =[OM><M(n—1) Lrxm OMxM(N—n)]



SIC-Based Method (Sub-Connected)

Sub-antenna array 1 Sub-antenna array 2 Sub-antenna array N

> o o o

Optimize the Optimize the Optimize the
sub-rate sub-rate **° sub-rate
P, P, Py l
\ 4 \ 4



SIC-Based Method (Sub-Connected)

> Let v, the first column of singular matrix of G,,_,

» Itis proven that the optimal precoder is
1

fn — _—_pJ3Vn
VM = B = Vall |4,
o Ivally M
n \/M
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SDR-Based Method (Sub-Connected)

Consider a massive MIMO system

v Analog precoder : f, 0 0 0]
0 0 O
0 . 0 o Ifelijl=1
_|o 0 0| 4 N,
rr =10 0 . 0| FrrFrr = NEF I
0 O 0
0 0 O EI o
. i 0 |'Ns ||N:/N
v’ Power constraint : o0 o
N RF
”FRFFBBHIZ: = K;F”FBB”IZ? =Ns & ||FBB||12: — NtNNS
t



SDR-Based Method (Sub-Connected)

Problem Formulation:
min ||Fope — FrpFap |

Subjectto Frr € A,
|Fgpll7 =

v' A, set of all feasible solutions of sub-connected analog precoder

NEENg
N¢

v" Alternative optimizations of Fyz and Fzp



SDR-Based Method (Sub-Connected)

Step 1: Optimization of Fxr given Fzp:
min ||Fope — FrpFap |

Subjectto Frr € A,

_ej.el 0 0 0
G A B T (CRAURR |
Fop = 8 efém 0 (()) where | = {lNNLRtF =[5l
8 8 : 0 fori =1,2,...,N;
0 0 0 giown, .




SDR-Based Method (Sub-Connected)

Step 1: Optimization of Fxr given Fzp:

min
0;

(Fopt) B e_jgi(FBB)l,: elementwise Qi - A(FBB)i’l - A{(FOpt)i::(FBB)ﬁ}

F optmization
NRF >

where | = [i%—| = | £} ‘: " for i=12,..,N,

fori =1,2,...,N; = { NEF - lMJ



SDR-Based Method (Sub-Connected)

Step 2: Optimization of Fz5 given Fyp:

mln‘ FOpt — FRFFBBHi

NEFNg
N¢

Subject to ||Fggl|é =

v ||Fopt_FRFFBB||2;~ = ||vec(Fopt — FRFFBB)HE

— ||lvec(Fopt) — vec(FrrFpB)|:

= ||vec(Fopt)—(In, ®Fgrp)vec(Fpp) |5 -

v’ Define f = vec(Fopt)
b = vec (Fpp) e ||Fopt - FRFFBB”i. = ||f — Eb||7
E=1Iy ®Frr




SDR-Based Method (Sub-Connected)

Step 2: Optimization of Fz5 given Fyp:
min||tf — Eb||%

QCQP Problem
Subject to ||f||* = Ne'Ns

N¢
t2 =1 <« tis an auxiliary variable

EZE —EZf] [b
fHE fHf t |

v [bJ2 = [bH ¢] | N 0] H

v |t — Eb|jZ = [b" t}[

0 0 t
- L [ O 0 b
2 H Nt _ N,
v t__b t PE)F 1][*]



SDR-Based Method (Sub-Connected)

Step 2: Optimization of Fz5 given Fyp:

min tr(CY) a By relaxing the constraint: I
: NRFNg rank(Y)=1
Subject to tr(A;Y) = N¢ It becomes a semidefinite
tr(A,Y) =1 relaxation (SDR) problem, and

Y > 0,rank(Y) =1 \_ can be solved using CVX




SDR-Based Method (Sub-Connected)

SDR-AItMin Algorithm: Semidefinite Relaxation Based
Hybrid Precoding for the Partially-connected Structure

Input: F;
1: Construct Fg)% with random phases and set k = 0;
2: repeat
3: Fix Fg“%, solving F](fé using SDR (36);
4:  Fix F](;é, and update Fgﬁgl) by (33);
5. k+ k+1;
6: until a stopping criterion triggers.
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Wideband Hybrid Precoding System

Consider an OFDM-MIMO system with hybrid precoder/combiner:

v' Tx (BS) has Ngg antennas and Nig RF chains

v' Rx (MS) has Nys antennas and Nig RF chains

v N, length-K data symbols are transmitted simultaneously

v' The OFDM system has K sub-carriers

v' The composite precoding matrix F[k] = FrrFgg[k] is semi-unitary
F[k] € Uy, xn, = {U € CVBs*Ns|UUH =1}

A. Alkhateeb and R. W. Heath, "Gram Schmidt based greedy hybrid precoding for frequency selective millimeter wave MIMO
systems", Proc. IEEE Int. Conf. Acoust. Speech Signal Process. (ICASSP) Shanghai China, pp. 3396-3400, Mar. 2016.



Wideband Hybrid Precoding System
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Wideband Hybrid Precoding System

Signal received at subcarrier k:
ylk] = WIk]* Wi HIk|FreF[k]s[k] + W[k]"Wien[k]

Achievable rate of the MIMO-OFDM system

R = ZIOg det KNSNO [k]FRFFBB[k]FgB[k]FgFH[k]H))

The precoder design aims to maximize R subject to constraints
|[Frrlij| =1
FrrFpplk] € Uy, oxn,



Wideband Hybrid Precoding System

Take SVD of H|k]:
H[k] = U[k]Z[k]V[k]"

Given Fpr, the optimal digital precoder is
1

Fpplk] = (FRrFrr) 2 :V[k]]:,rNS : k=12,..,K
v V[k] comes from the SVD of

Z[k]V[ HFRF (FRFFRF)

= U[k] Z[k]V[k]"



Wideband Hybrid Precoding System

Three algorithms were proposed to design Fxp:

v" Direct greedy hybrid precoding
v' Gram-Schmidt greedy hybrid precoding

v Approximate Gram-Schmidt based greedy hybrid precoding




Wideband Hybrid Precoding System

(1) Direct greedy hybrid precoding

v The columns of F;; are optimized successively
v In the i-th iteration, the i-th column of F;; are optimized in terms of

K i
. B Eq a(in) (g(in)Hga(n) -1 n(in)H
[max RWO(f,) = 2 log (1 + v (H[k]FRF (FRF Fo/ ) Fror H[k]H>>
k=11=1
‘B = [0 )
A; (M) : the [-th eigenvalue of a matrix M
f., is obtained thru exhaustive search over Fpp

AN



Wideband Hybrid Precoding System

(2 ) Gram-Schmidt greedy hybrid precoding

v' £, is chosen from the orthogonal complement of F}g;_l)

v f,, can be obtained thru the Gram-Schmidt procedure
K i

) (FY — ; s(in) (pGMHBEM ) aGMH
f,frelja-"ﬁFR(l) (f,) = ,Z l log(l + KA’,E;NOA[ <H[k]FR;” (Fé;n) FR}” ) F}g;f‘) H[k]H))

=11[=1
K i

= > > tog (1 + i (TED + kI £V H [k
k 1

=1 l=

. (i (i (i -1 (i
v T = HgRy Y (BEVIRGY) R H K

v' The eigenvalues calculation is a rank-1 updateof the previous iteration eigenvalues



Wideband Hybrid Precoding System

(3) Approximate Gram-Schmidt based greedy hybrid precoding

v' £, is chosen from the orthogonal complement of F(ifl)

(in) (g(in)Ha(ln) -1 ~(in)H H
f,?é%ifFR(”(f)‘221"g<1+mm (WFRF (F"R) R ik )>

k=11=1

K 2

K
z (log det (1 ( Kz\iszvof[ — tr(Z[k] Z

1

HF(l n) F(l TL)HF(l n))

k=1 e




Wideband Hybrid Precoding System

(3) Approximate Gram-Schmidt based greedy hybrid precoding
v f,, can be optimized by

f, = argmax HEHVHan H ’

v Iy =[2[1], .. Z[K]]
v Vy=[V[1],..,V[K]] |
v f, € Fgr and £, is orthogonal to the columns of By



Algorithm 1 Approximate Gram-Schmidt Greedy Hybrid Precoding

Initialization
1) Construct TI = SuVy, with B = [21,...,24 and
Vi = [\71, ---,VK]. Set Frr = Empty Matrix. Set Acp =

[ff{F, e ngB] , where f*F n =1, ..., NYp are the codewords

n FRr.
RF Precoder Design

2) For i,’i = 1,---,NRF
a) v = H*ACB

b) n* = argmax,=1,2,. Ny,

) PO, = [Fgg”fﬁf]

o - (1P (FFG)F)
Digital Precoder Design 1
3) Rl = B (P FGED) 7 |

1,..., K, with V[k] defined in (5).

]

BT |

VK] k=

:,1: Ng ’
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Remarks

» Hybrid Precoder/Combiner compromise the tradeoff between hardware
cost and spectral efficiency

» We studied optimization algorithms of hybrid precoder:
1. Narrowband fully-connected hybrid precoder: OMP and MO based algorithms
2. Narrowband sub-connected hybrid precoder: SDR and SIC based algorithms

3. Wideband hybrid precoder: Gram-Schmidt greedy algorithms
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