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@ 11.1 Background
11.1.1 Usage of Multiple Antennas

11.1.2 Gains from Exploiting the Multiple
Spatial Channels



Usage of Multiple Antennas

@ Single antenna vs. multiple antennas

+ There is only one spatial channel between transmitter and receiver in the
single antenna system.

+ Using multiple antennas can create multiple spatial channels between
transmitter and receiver.

@ Multiple antenna systems are also called MIMO (multiple input, multiple
output) systems.

e 8272t
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Spatial Channel Under Flat Fading
Assumption

Spatial
Channels

 Flat fading assumption can be obtained
in OFDM systems. Thus MIMO needs to
be incorporated with OFDM technique. *

5 A National Chuﬁg Cheng University



Gains from Exploiting the Multiple Spatial Channels
(1/3)

@ Diversity Gains (by Enlarging the Antenna Spacing)

+ The transmit/receive diversity gain is obtained by transmitting the same
signal and receiving a transmit signal via multiple antennas over
independent spatial channels, respectively.

¢ Transmit/receive diversity is used to mitigate the effects of small-scale
fading.

Channel Power Gain Switch Receiver Diversity

— No channel state information at
transmitter (CSIT) is needed for
transmit diversity. (Nevertheless,
CSIR is necessary for diversity
combining.)

— STBC

— Transmission mode 2 in LTE

max {Ch-1, Ch-2}

Ch-1

v' At eNB side, the antenna spacing is about 10A. - ‘?Time
v However, at UE side, the antenna spacing is only about 0.5 because of richly scattered U:iversity
environment.




Gains from Exploiting the Multiple Spatial Channels
(2/3)

@ Array Gain (Antenna Spacing Is Not Greater than 0.51)

+ To concentrate transmit power in one or more directions to allow multiple
users to be served simultaneously. (Anti-blockage - Multiple beams for a
UE)

+ Space division multiple access, multi-user MIMO

— Beamforming (achieved by large-scale
antenna system)

— AoD (angle of departure), i.e., downlink
beam information of UE is needed at
gNB.

The surface area of the sphere=4rR"2, the total
transmission power of the ideal omnidirectional antenna
is spread over the area of 4mrR"2.

Because UE is moving, beam management is necessary.

e 8272t
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Gains from Exploiting the Multiple Spatial Channels
(3/3)

@ Spatial Multiplexing Gain (by Enlarging the Antenna Spacing to
Obtain Independent Spatial Channel, i.e., to Increase the Degree of

Freedom)
¢ To transmit different signals over different spatial channels to increase

data rates (improve spectral efficiency).
¢ Full CSIT H is needed at gNB for the best performance.

— If H is known, the optimal precoding at T ————;K—x\ \ H
transmitter side is via the SVD. ER 2 ’%\ n,
. . /) R N
— ltis formidable for FDD systems due to y = SN
a huge signaling overhead. - [T
/ ‘,&

— One common practice is to use N j
codebook-based precoding. \ ;

In the mm-wave frequency band, the strength of the received signal will be too weak for normal K
communication. Therefore, under a huge antenna array, beamforming is necessary to obtain ~ |-------- /

antenna gain. ?{5 l )l.- ‘“%

Q: In 5G, how to have beamforming (array gain) and spatial r%ultiplexing (spatial multiplexing gain)
at the same time? | Chung Cheng University
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11.2.2 Precoding for Downlink SU-MIMO



Precoding for Downlink MISO (2/2)

@ Case B: h unknown at transmitter
+ No diversity gain (power gain)

+ Number of antenna port: 1 (only one antenna to UE, UE SEEE (LAY E &L
H Ry 1)

: Uniform power allocation

.vi:%

B 1 n;
vi=1/yne 4 or:—s(Zhi]+n — The only one

h \/I/Tt i=l1
T \ n channel needed to be estimated is th
: im1
- / Y ..A\ . e For {A,} i.i.d. variable with zeo-mean
N

N h, 2

2 S
@J vTh o o n T and E|[h[ |=1 > SNR =17

T 7 = EDSH; 7, = ED”F] e Fading channel - AWGN channel

Vnt 1/\/n_t
€y sz72rs
1 O National Chung Cheng University




Precoding—fi& X 441 fytransmit beamforming, (H 75 &R IEMERVERZE, R Ry iE MY precodingilli A EE AR E
FAYERSE 7 1A _EJPRkbeams -

Precoding is generally called transmit beamforming, but this is not a very correct statement, because precoding
here does not care about forming beams in a specific signal direction.

Precoding for Downlink MISO (1/2)

The phase of the channel is
@ Case A: h known at transmitter compensated at the transmitting

+ Diversity gain (power gain of n;) end in advance.

+ Number of ports (LTE terminology) is ne 2 gl:iZtar?bnuet:c?r?in reflects the power

+ (i.e., n; antennas to UE, UE FEZ(LAVEERH Fne(E) | 3. The total power remains
unchanged.

: precoding vector

> E||v[' | = E[v"v]=1

o E|h"h]

2
O

n

O
=1 - SNR =n,-—
O
n
A\
B R4 T DL 2 —(Evirtual antenna : HM/{Eantenna elements (per é ?’) l ‘u%
polarization) #%—{ETXRUFF LAY - one port 9 one virtual antenna (see p. 20)
rrereronal Chung Cheng University




Precoding for Downlink SU-MIMO (1/4)

@ H is known at transmitter.
@ Channel capacity is achieved through SVD precoding.

Hnrxnt = UAV*’ Unrxnr — |:u1 u2
HH =UA'U > HHU=UA’; HH=VA’V 5> HHYV =VA’
—The superscrip * denotes the Hermitian operation.

— U, V : unitary matices;

—A,, ., rarectangular matrix whose diagonal elements are nonnegative wi
real numbers and whose off-diagonal elements are zero. - L@, Y1

—The diagonal elements, 4, > 4, > --- are the ordered singular _ W,

values of the matrix H. H,, %
Y2

—n_. =min {nt , nr} : full rank —

— A’: the eigenvalues of the matrix HH™ and H'H X2 T %

Y3

e 8272t
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Precoding for Downlink SU-MIMO (2/4)

e MIMO system with SVD precoding
y=Hx+w=UAV x+w

~ * %k
— U (UAV x+w)
x ~ ~ ~
=AV (V: A
S —
x=V~ !
5 ¥ W,
~ ! 4
of X} of &
- — -\—-—-—- \ An Wi,
4 4
o | L
0 _| SSEEES Channel
| 13

It is formidable for FDD systems due
to a huge signaling overhead.

- One common practice is to use
codebook-based precoding.
(Feasibility vs. Performance
degradation)

| post-processing 5 l)"’ ‘“%

' |
rpm—— National Chung Cheng University




Precoding for Downlink SU-MIMO (3/4)

@ Codebook-based precoding in LTE

+ Based on measurements on the cell-specific reference signals (CRSs),
the terminal selects a suitable transmission rank and corresponding
precoder matrix.

+ Information about the selected rank and precoder matrix is reported to the
network in the form of a Rank Indication (RIl) and a Precoder-Matrix
Indication (PMI), respectively.

» Rl is the number of the transmission layers.

+ To limit the signaling on both uplink and downlink only a limited set of
precoder matrices, the codebook, is defined for each transmission rank
for a given number of antenna ports.

e 8272t
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Precoding for Downlink SU-MIMO (4/4)

+ Code book: a set of precoding matrices known at both the eNB and
the UE denoted by {W;},i = 1,---, 2%,

+ The receiver observes a channel realization, selects the best
precoding matrix, and feeds back the PMI to the transmitter.

Transmitter MIMO Channel Receiver .
—
: re
. ML o - .
SIC
1= '

...................................... r R

N X,

Feedback codeword index [ e {1,2,...,L}

[1]R1-1709232, “WF on Type | and Il CSI Codebooks,” 3GPP TSG-RAN
WG1-89, Hangzhou, China, May 2017
T s272nt
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Summary

@ Precoding is designed to maximize receive performance with channel
being taken into consideration.

@ No cares are about antenna configuration (e.g., including antenna
pattern, antenna element spacing, etc).

@ Itis not necessary to form beams in space; the precoders v = h" in
example 1 (downlink MISO) and V in example 2 (downlink MIMO) are not
necessary forming beams in space.

@ Precoding can be implemented in digital domain or analog domain.
Digital-domain implementation might be easier though.

Antenna configuration = The antenna structure of different companies will be
different (and the antenna pattern is different), so even if the coefficient of the
beamformer is the same, the beam formed will be different.

Precoding doesn’t care antenna configuration (i.e., its design has nothing to do with
antenna configuration), so precoding at the transmitter cannot be regarded as

transmitter beamforming.
X OIETERT

National Chung Cheng University
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Beamforming

@ Take linear array with the line-of-sight channel as example.

@ SIMO

+ There is only free space without any reflectors or scatters, and only a
direct signal path between each antenna pair.

-

i—1)A, A <08 Y .
( JArALO 01 Rx antenna i

e 8272t
1 8 National Chung Cheng University



Example Linear Arrays
Horizontal beamforming

>

<
A — dy |

2
g i X X X X
L d X X X X
Sl Vixl |x Xl |X
o |}
L X X X X
S X X X X
-"(_:U X X X X
@ X X X X
L
g \'
e local scatterer = S~ 4 ,//
[ ]large scatterer ) 1 2 3 4 5 6 7 8
Channel sparsity illustration d: Aray Spacing

M antennas per polarization in each column are connected to a
single TXRU (transceiver unit) to form a virtual antenna. Z‘t” &5
« Elevation beamforming = Vertical sectorization 1ung Cheng University



FD-MIMO

. s Vertical
Electrical Tilting Beamforming FD-MIMO

without Beamforming

] o | Elevation (Vertical)
. . § | ‘~.\\ Beamforming

@ FD-MIMO stands for full dimension multiple- R
input multiple-output. Beamforming

@ FD-MIMO means that the antenna system > Vertical sectorizatior
that can form a beam in both horizontal and g
vertical direction so that it can cover f

FO-MIMO beamforming | |

anywhere in 3D spaces. A

[2]https://www.sharetechnote.com/html/5G/5G
_MassiveMIMO_FD_MIMO.html

L P

National Chung Cheng University
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Plane-wave Assumption (1/2)

@ The antenna separation is AyA., where A, is the carrier
wavelength and A, is the normalized receive antenna separation,

normalized to the unit of the carrier wavelength.

@ Assume that the dimension of the antenna array is much smaller
than the distance between the transmitter and the receiver.

@ Then we have plane-wave propagation.

(IR T 2 BREGHY R Rk Bl 2O 4R (A By
TX&RXHHIEIRZ » B EREE S B mR ) » KA
PEICR RN dimensionZg /N > Bt LK AR PR Y1 R R

IRV & — V- ° SRR E MR R R T H -

{BE YR LR Idimension S 1540k (415 (E BT 1S
K/Ndpanel antenna) - ELRTHEAE £ R ROR B #L A
HE—EVHE - fEcurve » I ESIEBRLOEHA

HEplane-wave -

21
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Plane-wave Assumption (2/2)

The continuous-time impulse response h;(7) between the transmit
antenna and the ith receive antennais given by h;(t) = a-6(t — d;/c).

d;. propagation distance
c: the speed of light
a: the attenuation of the ray,

which we assume to be the \L ¢, = 180°
same for all antenna pairs eNB side

d: the distance from the

transmit antenna to the first (J=DA, -4 COS%

receive antenna
é_,_._.-——‘}

¢, the angle of incidence /

s
UE side ?
¢, = 90 (boresight) 2 Y
(0]

Rx antenna f

A, =1/2(or others)

—> T
A, - A,
! - Q, =cosy,
d [¢b : T¢b _ Oo

29 signal direction



Narrowband Assumption (1/2)

@ The assumption that (4, - . - (n, — 1))/c -< 1/W means that the

received signals at different antennas are only different in phase for a ray,
where W denotes the signal bandwidth. (For narrowband signals, the
delay is approximated by a phase shift.)

@ The baseband channel gain at receive antenna i:
h; = ae J?™fedi/c = ge=i2mdi/Ac j =12 ... n
e d;=d+ (i —1)ApA.cos ¢,
+ n, is the number of receive antennas.
¢ Oy, = cos ¢, is the directional cosine w.r.t the receive antenna array.

r

e 8272t
23 National Chung Cheng University



Narrowband Assumption (2/2)

@ Given the transmitted signal x(t), the received signal at array is y(t) = h(t) ®
x(t) + w(t), where channel model is

_hl(T)_ 1
_J2md —j2mApQg d
h@ = | | =ae T gy(0p,)| ¢, 5("2)
_hnr(T)_ e—jZTC(nr—l)Abﬂd,b

= ap9y(0g),)er (2, )0(z — d/c)

¢ a, = m,yae 2"/ % is the amplitude gain of the ray.
* b (Q¢,b) is the antenna gain of antenna element (antenna radiation pattern)

1

1 e—]ZﬂAbQ¢b

. eT(Q¢b) = N

is the unit spatial signature in the directional cosine

e—jZﬂ(nr—l)AbQ¢b

Qg -
®b
+ The delay time of d/c associated with the ray is identical across the antenna
elements, since the delay difference is approximated byllg phase,

National Chung Cheng University



Receiver Beam-forming

@ If the signal arrives from a single direction ¢,, then the
optimal receiver projects the received signal onto the

vector e, (Qg, ).

¢ Because of er(Q(pO)He,,(Qd,o) =1, er(ngo)Hy(t) = apgp(Qgp, )x(t —

ef (Qbo )eb(Qb) _ ‘P(Qb —Qbo) antenna length
1 , sin( 7L Q
Q=0Q, -0, — P(Q):n—rexp[— JmAQ(n, —1)] . (ﬂLrQ)], L =nA,
S1n
n}"
B2 P T A

25 National Chung Cheng University



Beam Pattern

@ The beam pattern associated with the vector e, (Qq,,o) is the polar plot

(¢,

P(Q)

),¢e[0,27r)

EEFHIMIMO » By TR 2 BV EE 1LY > Ap> 1/2 5 [HE]
beamformingi = @ & &4 2%/ main lobes » FRLIHETT
beamformingfiy » PAEEEA, < 1/2 -

In traditional MIMO, in order to make the channels between
antennas independent, A,> 1/2 ;

But for beamforming, multiple main lobes will be generated instead,
so when beamforming is performed, it must be Ay < 1/2

e 8272t
26 National Chung Cheng University



Lyr=2,n=20y,=1) L.=2,n.=4 (A, =1/2)

_

« For normalized antenna
separation Ay < 1/2, there
is a single main lobe around
90°: otherwise, there is an .
additional pair of main lobe. - X

—
[ \
(e -]

, B
\ -
|\ B

© I
o

« The array length L, = n,.A, A\
determines the beam width. | o)
The main lobe has a o = -
directional cosine width of
2/L,. L,=2,n.=6 (A,=1/3) L,=2,n,=32 (A, =1/16)

* n, determines the total I O e e A,
number of orthogonal beams e | L ¢
that can be formed. That is, \" & | '
the total number of X ,}(
orthogonal beams is n,.. I\

TRk Ibeamfii4liEdarray length L, = n, A, AR > F7 e e\
IE A, ETERS - beamiTFEANREE H B K458 H AT - - -

Receive beamforming patterns aimed at 90", with antenna array length

L, = 2 and different numbers of receive antennas n,..
T s272nt

National Chung Cheng University
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270 270

Signal direction ¢ = 60°; normalized antenna separation A, =

1/2
/ BLP TR

28 National Chung Cheng University



. |
. (0,)=e (]Tjer(ﬁb),] ..

°n, onhogonalbeanlpaﬁenlofer(ljglj:

(4,

Pj (Qb)

),¢b 6[0,27[) for j=1,---

90

1
120 | 60
150 0 (i 30
180 -----------------------------------------------------------------------------------------------------
210 7 | LR /330
240 | 300
270

n, = 64,A,=—, L, = 32; g,(Q) = 1V,

e 8272t
29 National Chung Cheng University



DFT Beambook (1/4)

@ A beambook is a set of beams used to cover the intended spatial

coverage.
@ Orthonormal basis for the received beam space | This basis provides the
1 A representation of the
S=<e (O),er — |, — received signals in the
Lr \ angular domain.

) 1 i _____ | !
-1 1 o UL 1 ] o~/ 27U/ E
where e | — |=— : : : !
L n : | : :
r |
—j2x(n,-1)A,(j-1)/L, 1 -j2x(n-1)(j-1)/n, 1
_ ;o e i
-1
B A 1, , COSQ. :—]L , L =nA,

I The base in S is irrelevant the antenna

i
I
| spacing A,, antenna length L,.,...and other .
I antenna parameters, so the same beambook : @J = ?{) l )l: ‘“%
| applied to different antenna configurations will | 30
[ form different beams.

National Chung Cheng University



DFT Beambook (2/4)

@ Prove: n, orthogonal beams

—j27r(l—1)

—j27(n,-1)(I-1) J

—e’ J-1 e -1 :igeﬂﬂ(’i_l)m = L=l
' L ' Lr nr m=0 O, ] il
€y wz72re
31 National Chung Cheng University
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DFT Beambook (3/4)

@ For normalized antenna spacing A, < 1, it results in n,. > L,. because
Of LT = nTAb.

@ Thus, the directional cosine cos ¢ = "T"k/Lr >1fork=1,2,..,n,. —
L, — 1 is contradictive.

@ In this case, actually the directional cosine cos¢ = —k/L, < 0, where
¢ €[90°,180°].

e[nr_kj—l e " 1| e * (k)

e 8272t
32 National Chung Cheng University



DFT Beambook (4/4)

@ Angular Domain Transformation as DFT

Ur{er(o) ‘*(Lij :L__IH

1 1 1
—Jj2z —j27(n,—1)
1 (I e” &
Jn |t : :
—j2n(n,—1) —i27(n,-1)(n,-1)
_1 e "y J

* U : A DFT matrix; a unitary matrix; that 1s
+ U'U =U U’ =I, U : An IDFT matrix
BLP IR

33 National Chung Cheng University



Hamming Beambook

- j27A,Q ewfl:r{u,—lm,ﬁ :|T

e,(Q)=#[l e

T "~ n,—2 n,—1 §
wz[w] W, e w,,] =| - > T, >

h=[h h - h ]T,h.: 0.08+0.92cos? | 22t
1 2 n, i nr |

| n —l|
Sr,hE{hOer(o)’hoer(ll_r)"”’hoer( }‘r ]}

o : Hadamard product

@ Beams are not orthogonal anymo:rﬁ. ﬁ E) é?’ g

National Chung Cheng University



Comparison of Different Beambooks

« Antenna (radiation) pattern of antenna element: omni-

directional
e n.=16; A,=1/2

n, o REEHVLEEH -

BW (main lobefywidth)#i X » 22 [EIRT8E B S5t -
The larger the BW (width of the main lobe), the
poorer the spatial discrimination.

Beambook BW (null-to-null) Sidelobe (dB)
2
A2 _
DFt good ! an 13 '? bad
. L2 l
Hamming |4 -39.5 1
1 n, :
H 1
! 2 1 good
Blackman Harris bad \Z 6n_ -56.6 J
T

Blackman-Harris



s ) odB 225
& DFT |
15 ns A0 B gz
B e bgrn i |
210 i
s 209 &7 5
]
A7 247 . . 113
25 ] 138
03 isa
160

LL0°Hybeam pattern &5 » BADFTHYbeam patternthi » HammingEiBlackman-Harris
fybeam patternfyside lobe4é %475 -
B =2 2 main lobelVEREEE K T -

©r sirare
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Dependency on Antenna Spacing (1/4)

« When¢ = 0" (k = 2) > the main lobe will also appear in 180°. Because : 180° beam can
also receive 0°beam - but it is a negative sign. -

. Whenk=3> Lﬁ > 1> beam&41£90°~180° -

Ref. Optimum Array
Processing: Part IV of
Detection, Estimation, and
Modulation Theory, Harry

L. Van Trees, April 2004 There will be grating lobes.

&g

b)L,=2,n.=2, A,= 1 (sparsely-spaced) :heng university




Dependency on Antenna Spacing (2/4)

n,. = 8 {ZRAEH8(fbeams » {HALEbeamiymain lobefH T -
there will still be 8 beams, but the main lobe of some beams is missing.

[3]Optimum Array
Processing: Part
IV of Detection,
Estimation, and
Modulation
Theory, Harry L.
Van Trees, April (c)L,=2,n.=38
2004

Figure 7.12: Receive beamforming patterns of the angular basis vectors. Independent
of the antenna spacing, the beamforming patterns all have the same beam widths for
the main lobe, but the number of main lobes depends on the spacing. (a) Critically-
spaced case; (b) Sparsely-spaced case; (¢) Densely-spaced case.

38 M National Chu;\g Cheng Univerlsity



Dependency on Antenna Spacing (3/4)

@ Antennas are critically spaced at half the wavelength (A= 1/2 ). In this
case, each of the basis vector e,.(k/L,) has a single pair of main lobe
around the angles *arccos(k/L,).

@ Antennas are sparsely spaced(A,> 1/2 ). In this case, some of the basis
vectors have more than one pair of main lobe.

@ Antennas are densely spaced (A,< 1/2). In this case, some of the basis
vectors have no main lobes.

e 8272t
39 National Chung Cheng University



Dependency on Antenna Spacing (4/4)

@ A main lobe are at angle ¢ for which:

cosg=k/L mod(1l/A,),k=0,-

+ In the critically-spaced case, Ai =2 and k/L, is between 0

r

. . . k
and 2; there is a unique solution cos¢ = =

T

1
+ In the sparsely-spaced case, < 2 and for some values of

T

k, there are multiple solutions: cos¢ = Lﬁ + Lﬂ for integers m.

r r

+ In the densely-spaced case, Ai > 2, and for k satisfying

L. < k < n, — L,, there is no solution.
+ Only in the critically-spaced antennas there is a one-to-one
correspondence between the angular windows and the

angular basis vectors. N
€y wz72re

40 National Chung Cheng University



Beam Pattern without Antenna Pattern

@ Example beambook (DFT)

+ Antenna (radiation) pattern of antenna B
element: omni-directional

en,. =16; A,=1/2

315

Beam pattern for 0°

B 675

247 T 113

FHbeam(at90°)
B/ beam
(at113" )2t
ERXH - {HZ ~O\\\eodd/ 2y /)

el R NN\ Y 7 ore
e — | =l
i@#@ﬁﬂ@gﬂ - = S —— -]

SRJTIA] o

135

The 1st
sidelobe: —13
dB

Co 675

270 - W — %
< a7’ RRTE

_ 25 " . 135
203 : 158 ZD:.E : “.IE-B
180 41 0180
Beam patterns for all 16 beams Beam pattern for 90



Beam Pattern Incorporated with Antenna Radiation

Pattern (1/2)

@ 3-Sector BS antenna radiation pattern for above 6 GHz

Parameter

Values

Antenna element vertical
radiation pattern (dB)

9" _ QUD

Ag (8") = —min |12 (
| . Baap

) ,SLAL,‘,eEdB = 65° SLA, = 30

Antenna element
horizontal radiation
pattern (dB)

r rr &
=)
Fads

Az 5 (@") = —min

,Am] +@ag5 = 65", A, = 30

Combining method for 3D
antenna element pattern
(dB)

A"(E", ") = —m:’n{— [.43_[;'-:9":] - HE.H(K;E”]J.-Hm}

Maximum directional gain
of an antenna element
GE,max

8 dBi

[4] 3GPP TR 36.873 V12.7.0, 3rd Generation Partnership Project; Technical Specification
Group Radio Access Network; Study on 3D channel model for LTE (Release 12)

¢ Boresight: 90" and 0° for vertical and horizontal radiation pattern,

respectively.

B2 1

National Chung Cheng University
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Beam Pattern Incorporated with Antenna Radiation
Pattern (2/2)

Antenna pattems

Etheta

10 .

15 i / ' A 5
/ N
20 Y

-25

Gain (dB)

-35
0 20 40 60 80 100 120 140 160 180

theta (deg)

Gain (dB)

Antenna pattems

E phi

-10

-15

-25

-150

-100 -50

0 50 100 150
phi (deg)

[5]3GPP TR 37.840 V12.1.0 (2013-12) 3rd Generation Partnership Project; Technical Specification Group
Radio Access Network; Study of Radio Frequency (RF) and Electromagnetic Compatibility (EMC)
requirements for Active Antenna Array System (AAS) base station (Release 12)

43

124

B2 IS

National Chung Cheng University



@ Example beambook (DFT)

+ Incorporated with 3GPP antenna element

vertical radiation pattern
en.=16;A,=1/2

FfiE 16{Ebeam patterns as7 0

35

247
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@ Example beambook (Hamming)

o n, =16;A,=1/2

FiiA 16{Ebeam patterns

Element pattern:

3GPP
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n

Element pattern

Omni-directional
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Outline
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11.4 Architectures
11.4.1 General Architecture
11.4.2 All-digital Architecture

11.4.3 Antenna Gain from Beam-domain
Processing

11.4.4 Hybrid Architecture

Y sz rare



General Architecture ([6]3GPP 36.897)

@ Downlink Analog Digital
[XRU Antenna Port
Virtualization Virtualization
Y i
l' ( \1. ( N\ X,
UE-1 j ! - l—
T | :
j Radio
Distribution
UE-2 igi
Network Digital Precoder
(Analog beamformer
- Beamformer) i
| )« |
1 v FEDH U, || w.
Y 1 - .
UE- 1, -\ ) \ J U J )
| Beamforming i
Beams

Virtual Antennas (ports)

l“nuxl — Hnuxnb ) anxQ ) UQ><L - W Lxn, ) Xnuxl +nnu><1
7 - Number of UEs V..o  RF chain virtualization matrix
n, > O : Number of antennas at eNB U,,, : Antenna port virtualization matrix
QO > L: Number of RF chains W, :Precoding matrix
L > n, : The set of beams used by n, users 47 X, . : Data vector

H : Channel matrix n,  : AWGN vector

n,xny,



All-digital Architecture (1/5)

@ Q = ny,: number of TXRUs equals to that of antenna-elements
+ High flexibility; narrow beam width

+ Very costly for a large number of antenna-elements and large bandwidth
(1024 antenna elements at 70 GHz in 3GPP)

E.g., 500MHzSEE > A/D: 4fZoversampling, 13bits -> 26G bits/sec

e 8272t
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All-digital Architecture (2/5)

@ Case 1: antenna-space processing (no explicit digital beamformer)
+ Total of n;, X n, spatial (antenna) channels needed to be estimated in

+ No exploitation of the characteristics channel sparsity at high-

frequency band
\/
LG +— =
— x,

You need to estimate H to perform MU-
MIMO precoder in antenna-space. Even if
we can accurately estimate the H for
precoder, the UE can only receive its own
signal without MU interference. Due to the
high path loss of mm-wave, the UE's

Precoder

received signal strength is still very weak—> v,

we need to use a giant antenna to obtain < .

additional antenna gain to increase the

signal strength at the receiving end->

beam-domain processing ﬁ Y é?{) & 5 »“%
49
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All-digital Architecture (3/5)

@ Case 2: beam-space processing (which explicit digital beamformer)
+ Separate digital beam-former and digital precoder
+ Precoding is done in beam-space

\/

— Much smaller number of beam- v, ~ REE.
channels (beam-link in 3GPP) due ] 2
to the salient feature of channel
sparsity at high-frequency band . Digital

— Using a fixed beambook is a . b;amf.;rm:r : | Precoder
common assumption for NR in (Beambook)
3GPP

\/
— - X,
\. J \. J

e 8272t
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All-digital Architecture (4/5)

@ Beam-domain precoding needs to be applied to user groups
{UE,, UE,} and {UE;, UE,} to eliminate MU interference.

@ One can directly serve UE; in the beam domain because of
spatial division.

[0 uver B ve2 [ ues i ues [ ues

UE
UE, | \
UE

UE

UE,

1 2 3 4 5 6 7 8 9 10 -

T si7ant
51 National Chung Cheng University
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All-digital Architecture (5/5)

@ With Q = n, TXRUs, n;, beams are used to cover the angular
space of interest.

@ No beam sweeping is needed. Beam width can be small for a
large n,,.

 Forexample:n, =Q =16

Time 1

1 2 16 i
€y wz72re
52 National Chung Cheng University



Antenna Gain from Beam-domain Processing (1/2)

@ Downlink example: 64 antennas at gNB; single-antenna UE;
AoA = 90° (boresight) & beamforming weight vector 1/1/64 x 1

/64 \/
}:i TXRU
1/f54 \/ ., {
s ."" TXERU
1/ 64
V.
7N

.?‘=64KL+?E=\1'ES+H

N

£=2[s .5 =2[pf]

S svr=2E

7 £,
— 18 dB antenna power gain ?’) l )l- ‘u%
’ ‘ TXRU hung Cheng University




Antenna Gain from Beam-domain Processing (2/2)

@ Similarly for uplink

64 64
_ — ~
r=2 s+n,=6ds+ > m
i-l i-1

B=2lsf |5 =2 | ——
. NR— 64° P, 64P,
4P, P

R "’

— 15 dBE antenna power gain

o4 Ay National Chung Cheng University



Hybrid Architecture (1/6)

@ Q < ny: Less costly than all-digital architecture

@ Case 1: fully connected Analog Beamformer
+ Each TXRU is connected to all antenna elements. Beam 1 with beamforming vector

W11, W12, ) W1,n,,]

— Huge technical challenge  Yig o Vo ..
. ' TXRU-1 —
due to the use of signal Vig G| ) .
combiners o ‘
« Beam-sweeping might be Wi
needed to have full : : orecod
' ! eco
angular coverage. " Wou | recoser
* Q narrow beams are 5 gw i
available for each beam i -
sweeping. 5 ” .
L: D Aé.‘_gﬂb ; A J ’
v Beallm Q

Analog beamformer

55



Hybrid Architecture (2/6)

@ Example of beam sweeping

+ Divide n;, beams into different subsets and use different subsets to serve
users in time-division manner.

+ Beam sweeping induces excessive latency (scheduling) control signaling
overhead.

+ Example: n, = 16,0 =8

Time 1
Time 2

H2 P EALY

National Chung Cheng University




Hybrid Architecture (3/6)

@ Case 2: Partially connected (subarray) Analog Beamformer

+ Each antenna element is connected to one TXRU. And each TXRU is
connected to a sub-array of antenna elements.

+ No signal combiner is needed.

— Each subarray connected to
a specific TXRU can be
viewed as an antenna with
specific antenna pattern.
Narrow beam can still be
formed if there is large
enough number of antenna
elements in a subarray.

Digital

Precoder
beamformer

Wy, E (Q_by_Q)

. 1
wo ' Lt — X,
1 u
S

1
\ Beam Q

Analog beamformer,
Yy %z7Ers
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+ Narrow beams are formed by digital beamformer.

Example: n, = 32,

0=4d=2;
d' >
2

(subarray spacing)

32

Hybrid Architecture (4/6)

@ Case 2a: Narrow beams are formed by use of digital beamformer.

+ Each subarray has the same wide (broad) beam pattern, which is formed by
its analog beamformer (ABF).

Digital
beamformer

DBF

Precoder

.

21Uy
-0

Suioeds juswa|a euu

<

7 National Ct

@ ----3uloeds euualjue [BNUIA ----@

HHEEEEEFEFEEEEES



Hybrid Architecture (5/6)
» Case 2a (cont.): May not be suitable for high-order MU-MIMO.

— The same broad
beam pattern (by ABF)
for each subarray has
max array gain at
azimuth 90°.

— The narrow beam can
be formed by digital
beamformer.

[71S. Han, I. Chih-Lin, Z. Xu and C. Rowell,
"Large-scale antenna systems with hybrid
analog and digital beamforming for
millimeter wave 5G", IEEE Commun. Mag.,
vol. 53, no. 1, pp. 186-194, 2015

Array factor

35‘ T ] T ] |
ABF (1 transceiver)
-e- Envelop {ABF+DBF}
e ABF+DBF{ ;
L e
il - )
5 ;
.
25¢ —a— )
20~
15
10
o8NS v BVE RIS AN il
70 75 80 85 90 a5 100 105 110

Azimuth angle (degree)




Hybrid Architecture (6/6)
@ Case 2b:

Each subarray of Analog
Beamformer has its own
antenna pattern and all the

: E «—
subarrays are employed to Y ; § wio|
cover (partial) angular space. . L |
Thus the digital beamformer ol :
IS unnecessary. Y é Wig
Beam sweeping mightbe  , _ : |
- Precoder

needed to have full angular Yéuﬂ S .

Space coverage.

.
“1-1__8 i
: | - y,

W ss7ane
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Outline

11.5 Receiver
11.5.1 Maximum Ratio Combining

11.5.2 Zero Forcing
11.5.3 MMSE
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Maximum Ratio Combining (MRC)
Ng
@ The combined signal § = Zw;”i— .
k=1

Ny
v=>Y whs ; the signal part
k=1

Np
z = Z w,n, ; the noise part
k=1

@ The signal power

Np s
P =E[bf |= - [Yovih . where &= E[i |
=1

peemmem—m=--=eaae= Receiver —

W
|

s h]

Base station or
mobile terminal

Transmitter

v
_(

e e ————— -

n

R ——
=3

N2 I A

ational Chung Cheng University

—

w
Ng

n Npg



Maximum Ratio Combining (MRC)

e Assume that n, are zero-mean and mutually independent

M
P =E DZ” = Z|w,‘_|2PNk , where P, = Eanﬂ
k=1

2
Nr

P - ZE:vv;hk
e The output SNR: y = i — k=1
DAY,
iR

e The Cauchy-Schwarz inequality

Np ) Np 5 Ny 5
> ab| <[ D |a Z‘bﬂ— ‘
k=1 k=1 k=1

a,
with equality if b, = Ca, forall k, where C 1s a complex constant

& siTixs
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Maximum Ratio Combining (MRC)

h,

T
(Z|wk| ]{NZ'U
St o(Ern 25

~ N, = Z
Z|Wk|2p Z|Wk|2P Sy
k=1

Leta, =w, /P, , b, =

Np
k=1

/4

1.e., Wy = /1. This says the maximum SNR 1s the sum of the

SNR of respective receive branch.

& sirine
64 National Chung Cheng University



Spatial Multiplexing

Receiver

———

|||||

IIIII

|||||

IIIII
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Zero-Forcing Receiver

@ Zero-forcing receiver(H™! exists)

- " h11 h12 — . —
r—[rz [h21 h22“ = Hs+n
§ZF= ;; = H T'= S+ H 1ﬁ

+ For non-square channel matrix H;, ,«n.,ng > nr

3 = [2] — (HYH)~LHHF = (HYH)~1HH (HS + 70)

=5+ (H'H)"*H"7n; (H"H)™! exists; H'H : Gram matrix

+ Noise enhancement for ill-conditioned channels

v ¥

B2 1
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MMSE(minimum mean-squared error) receiver

@ In the MMSE detection algorithm, the expected value of the mean square
error between the transmitted vector s and a linear combination of the

received vector s = WH7r is minimized

W = argmin(E[|Is — L"7I|*]}
L
@ where w is an ngxn; matrix of MMSE coefficients
2 —1
W= (H'H+251)  H"
o See fifj TAMMMSE#EE

e 8272t
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MMSE(minimum mean-squared error) receiver

o~

r=Hs+n;, = = K7 1s the MMSE estimator of s, 1f

MMSE

K=R, R R, =E[5"| R, =E[7"];

77

R, E[7" |=E|5(85+7)" |-’ H"

R, <E[7" |=E|(Hs+7)(Hs +7)" |= 0! HH" +0.1

pl J_

, 5 \-1
S>K=c:H" (c’HH" +o71 ) =2 0" [ % HH" +1 J
J_ n

o) o o

n n

2 o 2 7!
:(“;HHHHJ O-S,‘HHz[HHH-i—O-” J H

~

5 N —1
=1;7=[HHH+J" IJ H'F, 6°=0- 3

~ ~
— S vMSE 2 MMSE — SzF

o

5

& siTixs
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MMSE(minimum mean-squared error) receiver

H | S HH" +1 =("~1 HYH+1 JHH
o, o,
7 o o | 3 .
HY | S HH? + 1 (01 HH” +1 J =("~: HH+1 JHH£JS, HH" + 1 J
o, o, o, o,
; \-1 5 -1
(Gi H H+1 J HE :HH(O-i HH? +1 J
o O';
2 2 N1
> Zpg# (0—1HHH +1
o, o,

o o o’

n 5

) 7 2\
:(GS’ HHH”J Ll HHH+"”IJ H

T si7ant
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