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Digital precoding vs. Hybrid precoding

Digital baseband precoding : o :
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[1] O. El Ayach et el., “Spatially sparse precoding in millimeter wave MIMO systems,” IEEE Trans. on Wireless Comm., Mar. 2014.
[2] A. Alkhateeb et el, “MIMO precoding and combining solutions for millimeter-wave systems,” IEEE Comm. Mag., Dec. 2014.
[3] W. Ni et el., “Hybrid block diagonalization for massive multiuser MIMO systems,” IEEE Trans. on Comm., Jan 2016. 2
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Digital precoding vs. Hybrid precoding

Digital baseband precoding : o :
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Hybrid precoding: Narrowband vs.Wideband

Narrowband hybrid precoding Wideband Hybrid precoding (MIMO-OFDM)
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Hybrid precoding: Narrowband vs.Wideband

Narrowband hybrid precoding Wideband Hybrid precoding (MIMO-OFDM)

subcarrier
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1) Ngg < Nix
2) Composed of phase shifters

([FRF]m,n - ejem’n )

1) Ngg < Nrx
2) Composed of phase shifters
3) Common for all subcarriers 5

Constraints
on Fyp

Constraints
on Fyp
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Hybrid structure - Fully-connected vs. Partially-connected

Fully-connected structure

Partially-connected (subarray) structure

_______________________
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NieNrx phase shifters and
Ny adders are necessary.

{ N phase shifters are necessary. ]




THE UNIVERSITY OF
TEXAS WHAT STARTS HERE CHANGES THE WORLD

—— AT AUSTIN ——

WB hybrid precoding design - Problem formulation (1/2)

' 1) Ngp < Ny
Constraints
[Goal: Maximize the sum of per-subcarrier mutual information ] on Fy 3) Common for all subcarricrs
C logd I L H(k)FrrFpp(k)Fip (k) FreH" (k A
ar max ogdet ( I+ — ¥
S FBB(K)}Z gt (T4 () FrsFan (0 Fip (P H (1)
K (Eq. 1)
s.t. Z IFrrFBB(k)|[E < Prot
. = J
. Heg(k) = H(k)Frp(FipFrp) 2
Using (k) (*) RF(lRF Rr) equivalent
Fpp(k) = (FrpFrr)? Fep(k)
4 1 . X I
arg ~ max Zlog det (I + —Heﬂc(k)FBB(l{:)FEB(k)H:ﬁ(k))
{Frr,Fep(l)," FBB(K)}k 1 N
(Eq. 2)
5.t ZHFBB NE < Prog

\_ )

If Fyp is given, the optimum solution of {FBB(I),---,FBB(K)} can be found by using a
conventional SVD scheme with respect to the effective channel at each subcarrier.
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WB hybrid precoding design - Problem formulation (2/2)

p
Once the optimum Fy;(k) for each k is determined given equivalent
\FRF, the optimization problem is only with respect to Fy..

-

A2(H (k) Frp(F5pFRr) ™2 ) ps i
arg max Z Z log (1 + ( NISF ) : P, water-filling power control (Eq. 3)
—15=1

The above problem is a non-convex optimization problem. approximated
Instead, let us maximize the sum of squared singular values of effective (relaxation)
\channels ( = maximize the sum of effective SNR per subcarrier & stream)

-

wl»—t

arg max Z Z )\2 FRF FRFFRF)

Frr
Y k=1 s=1

) ] (Eq. 4)
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Hybrid precoding solution - Fully-connected case

Optimization problem ]

&

. Solution
: N1x L

4 )

ELF = [VR]IZNRF A

where A is an arbitrary invertible matrix and

RF
chain . N

K
1 k3 *
R=— ;_1: H*[k]H[k] = VRARV}

Y -

Analog RE precoder Solution w/ phase shifter constraint ]
(s 2
Fip =ar min X — F; = AF%
S where £Fip is a matrix with [Fiplmn = e/<(Fieln.)
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Hybrid precoding solution - Partially-connected case

(— ®— Y Optimization problem ]
? Y N = JJ\\;TX S1 g K S
chain | : RF ) .,
| Y Fhp = argmax Y Y A2 (H[k|Frr(FhpFrr) 2)
\ ® RF —
g k=1 s=1
T : . \
Nrp ; : : : fRF,Sl -
- $ Fro=| z
RF | ! X ! Nrx . o ]
| Nou» = RF,S
i : R SNir | Solution .

e 2

fir.s, = @rVRs, 1, for r=1,--- Ngp
Analog RF precoder
where o, is an arbitrary nonzero complex number,
Subarray partitioning VRg, 1 is the dominant eigenvector of Rs,,and
S={L -+ Naw} H[k] = [Hs, [k] Hs,[k] --- Hsy, [k]

32 - {Nsub + ]-7 cee 72Nsub}

K
1
Rs = EZH:“ST[IC]HST[I@], for r=1,---,Npp

SNpe = {(VrF — 1)Nsub + 1, -+, NRF Nsub } K k=1 /

[ Solution w/ phase shifter constraint = the same as the fully-connected case ] 10
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Comparison between fully-connected vs. partially-connected

Fully-connected structure Partially-connected (subarray) structure

WY A/ A e ey || Y A/ Ay e .y
—m / chain : Nrr

Fy[1] , FFT & DAC V7, il eY

| - A"V‘ V Ner

—: BR FFT & DAC 7 S v
—» FFT & DAC \ %—Q———:YNF%

; FFT & DAC RF Lo

Analog RF precoder Analog RF precoder

Streams RF chains Antennas Streams RF chains Antennas

\_ J\_ J

K S L NRF K S 1 NRF
max > ) N (H[K Fre(FipFrr) 2) =K > A (R) max > ) N (H[k Fre(FipFrr) ?) =K Z A1 (Rs,)
B p=1s=1 r=1 B k=1s=1

A(A) : i-th largest singular value of A

11
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Comparison between fully-connected vs. partially-connected

Fully-connected structure Partially-connected (subarray) structure
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Which is the best sub-array structure (best partitioning) ?

WHAT STARTS HERE CHANGES THE WORLD

Uniform Linear Array (ULA) case

Uniform Planar Array (UPA) case
Squared type \

Vs

Adjacent type

|l 23456789

WA

Sl = {17273}
82 = {47556}
‘53 = {77859}

o

N

Interlaced type

1 23456789

Ty

Sl = {1747 7}
82 = {27558}
‘53 = {37659}

/ Horizontal type Vertical type

J

[<]2]
[1]2]
B AR
S ={1,2,3,4} Sy ={1,5,9,13} S ={1,2,5,6}
S, = {5,6,7,8} S, = {2,6,10,14} Sy ={3,4,7,8}
S; = {9,10,11, 12} S; = {3,7,11,15} Sy = {9,10,13,14}
ng = {13,14,15,16} Sy ={4,8,12,16} Sy = {11,12, 15, 16}/

The best subarray structure depends on the R matrix.
=>» We propose a dynamic subarray structure that adapts to the R matrix.
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Dynamic subarray - Problem formulation

4 N [~ )
What Partition a set of N antennas into N subsets
| todo [ - cardindlity of each subset : variable (non-empty) )
4 Y4 R N
RF
Goal {SFINRF —arg max Z A1 (Rs,)
(optimum e b ONRE oy
criterion) s.t. U S, =A{L,--- ,Nix}, S§inNS; =0fori#j, |S|>0 Vr
- N J
4 N . . . )
* Optimum solution: Exhaustive search
Optimal - # of total cases: Stirling number of the second kind
Q Nrr
SO|UtI0n (Nl )' Z(_I)NRF_k (NII:F) kNTX
N AN HE =0 EX) {Nry=16, Ne=4) > 1.7x10° )
) Needs to check too many cases
2) Needs to calculate the singular value at every case
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Approximation of the largest singular value

Ve

Definition of the approximate largest singular value

-

J

- p
) | lsi s N
M (Rs) 2 5l > ) RSl = 5] > IRl
I\ =1 j=1 i€S jES )
Property of the approximate largest singular value
(" )
Ae (Rs) <A1 (Rs) < A us (Rs)
- J

* Lower & upper bound on the
largest singular value (exact value)

s
(IS| - 1)2
Aus (Rs) =m+ (S| — 1)2

Ae (Rs) =m+

m =

S| S|

[4] H. Wolkowicz and G. P. Styan, “Bounds for eigenvalues using
traces,” Linear Algebra and Its Applications, pp. 471-506, 1980

/>\1,LB (Rs) <M (Rs) < Aius (RS)\

_TRs) (Tr<R?s> . mzf

/

15
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Dynamic subarray partitioning algorithm (proposed)

Algorithm 1 Dynamic subarray partitioning

Input: R, Nrp, NTx

Se = L. Nawl.m=—10 B e TN .
Sort [[R]; ;| for 1 <i < j < Nrx in descending order -------> | Complexity: O(NTX2 10gN 1)
(R s s ] = - 2 [[Rlige,inel, K = Mexirt)

\
1
1

o i |
> R : :
2‘[ R, Ngg, Nrx fm.‘k._.l'Kdo ! |
= if 75, jp € Sp then | :
@ if n < Nrr then i !
n <+ n+1,8, < {ir,jrx} So + So \ {ik,jr} i !
Dynamic clse a2 i i
4 7 = arg max (f(Sr U {ik, jk},n,7) — f(Sr,m,7)) > 1 Complexity: O(Npy*Nep) !
subarray el il 5 o | |
. Sp +— Sp U {ik, Jk}> So + So \ {ik,Jx} ! !
partitioning end if | . , |
algorithm elseifip € S,,, jr € Siform < n,l <n,m # [ then > \ ComPIeX'ty: O(NTX NRF) ,
v=f(Sm,n,m)+ f(S,n,l) T LT
i = f(Sm U {jr},n,m)+ f (S \ {jx},n,0) .
o . - o F S\ {in) Y U o Total complexity:
> = S i Sl O( Nyy? max(Nyp,10gNoy) )
3.[ S S ] if yu; > p15, pj > v, and m # O then TX RF> TX
= R S Sm U {ik} St S\ Lk} L
o else if ;o; > p1j, p1; > v, and I ## O then > POIYn°m|aI time !
S, — S \ {Zk}, S «+— S U {’Lk}
end if (TS TTSTSTSomoTmomoTomoooooooooooos :
end if ! (s )2 0, if |S|=0o0r {n = Ngp and r =0} !
1 ,n,r) = . 1
end for ! ﬁ >ies 2jes |[R]ij|, otherwise.

Output: S1,- - ,SNpr e ‘16
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Channel model for simulations

Cluster 1

RX

X

Azimuth domain

* Distribution of AoAs and AoDs : Uniform in a confined range

Elevation domain

\
'Y /
oy, .
LYLY . bore- bore-
Au R . sight sight
..5\ g g
AA
y \\
/ Cluster Nyjyger range of cluster angles range of cluster angles
5 ' ’ AYAYA [-Ae Ag ]
Nubray SUbIays
(w/ angle spread 2°)
/ Ncluster subray D=1l _ j2mkd
= Z ac erc T ]aR(¢R,C,’I") QR,C,’I’)a:‘i‘(qu’c’fr, eT,C,’I") pr [k Z p dT - 7-p &
C:]_ : d=0
a(dy,0,) = [ 1 i sin(ap) €334 (Nant—1) sin(¢,) ] for ULA (uniform linear array)
\ a(pp,0,) = [ 1 eI 35 (msin(¢p) sin(6y)+1 cos(6p)) e B2 ((Nw—1) sin(¢p) sin(0p)+(Nu—1) cos(6y)) }T for UPA (uniform planar array)
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Simulation results

- TX: 64 antennas (UPA), 8 RF chains - TX: Ny antennas (UPA), 4 RF chains
- RX: 4 antennas (UPA), 4 RF chains - RX: 4 antennas (UPA), 4 RF chains
- CH: 8 clusters 10 subrays (A,,=180° A,=90°) - CH: 8 clusters 10 subrays (A,,=180° 4,=90°), SNR 10 dB
40 T T T T 35
—+— Digital baseband
—»— Hybrid, fully-connected
35| ——Hybrid, subarray, dynamic (proposed) 30
N —A—Hybrid, subarray, fixed (vertical) ~N
L 30 || —=—Hybrid, subarray, fixed (horizontal) L
a —o—Hybrid, subarray, fixed (squared) % 25
Qo ——Hybrid, subarray, fixed (interlaced) a
>\25 - =
(&) o2
c c
2 20 N A . e |
9 IR
T 45 S e Al
© = —+— Digital baseband
5 5 —— Hybrid, fully-connected
o 10 1) ——Hybrid, subarray, dynamic (proposed)
(% c% —A—Hybrid, subarray, fixed (vertical)
5 5L —o— Hybrid, subarray, fixed (horizontal) i
—o—Hybrid, subarray, fixed (squared)
—o—Hybrid, subarray, fixed (interlaced)
0 0 I 1
-10 -5 0 5 10 15 20 16 64 144 256

SNR (dB) Number of transmit antennas

- solid:  w/o phase shifter constraint ( Fip)
- dashed: w/ phase shifter constraint ({Fgp)

18
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Conclusions

\
We derived closed-form solutions for wideband hybrid precoding.
Fully connected structure Partially-connected structure
(Subarray structure)
4 N

We proposed a dynamic subarray structure
based on spatial channel covariance.

19
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