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The questions that we will try to
answer

What is Massive MIMO?

What is channel aging?

What have others done about it?

What more can we do?



Massive MIMO

e What?

e MIMO systems with very large (Massive) number of antennas

Why?

e Capacity can be increased simply by adding more antennas

e Reduced powers (scale with square root of number of
antennas)

e Easier analysis and reduced receiver computational
complexity

One Challenge

e FDD mode




Channel aging

The channel needs to be learned and may change between
training and data transmission.

Traditional block fading model not accurate enough

Can be modelled as an AR process

H|n + 1] = pH[n] + /1 — p?E[n]
with the innovation process uncorrelated to H|n]

This causes problems both with CSI acquisition and data
transmission



What has been
done about it?



F

Effects of channel aging in
massive MIMO systems

Kien T. Troung and Robert Heath

AR 1 channel considered.

MF precoder and MRC receiver are used.

TDD Massive MIMO is assumed along with reverse link training
Channel is assumed to be static during the training phase
Uplink training with channel reciprocity assumed

Co channel interference is also considered

The received training signal isC

Yo.b In] = \/PTQT z Hy [n]¥ + Zp,b [n]
c=1



Channel Mode|

The MMSE estimate of the channel to the ylth useris

2
hypuln] = Rppy (—T Iy, + Rbu) Vppulnt] ¥

The channel can be decomposedas
hppy(n] = hppy[n] + Rppy 1]
Ry, [n]~CNV (0, @ppy,) Rppy [n]~CN (0, Rppyy, — Pppyy)
Also
hppuln + 1] = phypy[n] + /1 — p2&ppyu(n]
where p = Jo(2tfpTs)



More Channel Model

Therefore
hppyuln + 1] = phypy[n] + phppy[n] + V1 — p2&ppuln]
We have an aged channel estimate.

It is also possible to predict the channel using a pth order Wiener

predictor Vipy
Vipu = pIA®D, ) ® Rypyl Tou (0 D)
6(p,p) =[1p..p"] O

If we consider

1 p
p 1 el th
A(p, — AR-1 model then
(b, p) : : .o why a pth order
pP pp—l ] predictor?
g
Ty, = |A(,p) @ Ry + ﬂ
p



|
Performance Analysis ‘e

¢ Predicted CSI

The SINR and achievable rates at (n + 1)th instant are calculated.

(lebu In+ 1] current CSI
Ippuln + 1] =< ahy,y,[n] aged CSI

L hy,,[n] predicted CSI

The received signal is
Yr.bu In + 1]
= WII;Iu [Tl + 1]gbbu [n + 1]xr,bu [Tl + 1]
+ wiy[n + 1 (hppyln + 1] = gppu[n + 1Dx py[n + 1]

+ Z Wll;lu In + 1]hpcy[n + 1]xr,ck [n+ 1] + Zyr bu [n + 1]
(c,k)#(bu)
The signal power becomes

2
Srpu = |WII;IuLn + 1lgppyln + 1]|

This is the
channel

vector for
MRC




More performance analysis

Interference power is

2
I pu = [Whu[n + 1 (hppy[n + 11 — gppuln + 1D|" + z |gppuln + 1117 + aFllwln + 1]]15
(c,k)#(bu)
The deterministic equivalent of the aged SINR after substituting the weights is given as
7@ 1] = |p? tr{®p 3|7
rbu |p2tr{Rppy — Pppu}l? + o5 tr{®ppu} + Xy wo) EF Rbck Pk} + 02 Besp [t {Ppcu}

The deterministic equivalent of the SINR with predicted CSl is

(»)
Nrbu [n+ 1]
p21tr{®pp, (p, p)}I?

 tr{(Rppu—P?Opbu (0, £))Oppu (0, )} + T2t (@1 (0, 0)} + + X sy 2(b0) T Rk Ot (0 P)} + P?P Ty 17O (0, P}

With
Opcu(@,p) = [6(p, p) ® Rippul Tou(p, P [6(p, p) @ Rppy ]



Downlink performance analysis

MF precoder is used

The user only knows E [hbbu In+ 1]fpuln + 1]]
The S|gnal at user u of cell b is
yf bu Tl + 1]
= JAE [hbbu [nlfpuln + 1]] X puln + 1]
+ 4 (hbbu Ifpuln + 1] —E [hbbu [n]fpuln + 1]])beu[n + 1]

+ Zf,bu[n + 1] + z \/_hcbu |fckIn + 1]xf ck[n + 1]
(c,k)=(b,u)

Where A, is a scaling factor to satisfy the total transmit power constraint

1
Ao = B fA i + 1f ol + 111

Similar expressions for downlink SINR are derived




Some results
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mpact of Channel Aging in Multi-Way
Relay Networks with Massive MIMO

Amarasuriya and Poor

MWRNs: Multiple spatially distributed nodes exchange signals
via relays.

K single antenna user nodes, one M antenna relay.
All terminals in half duplex mode
Single slot MAC phase K — 1 slot broadcast phase

User to relay channel F; relay to user channel H such that F =

HT
F[n + 1] = pF[n] + Eg[n]
Channel estimat at nth instant

1
F i n] IK
Fy[n] = 2 F|n] + lP <DFu + P_) Dp,

p




More System Model

L such systems are considered and they interfere with each
other. ~ B
Fyln] = Fyln] + Fy[n]
Fyln] = pFyln — 1] + Eg [n]
EF” [Tl] — pFll[n] T EFll[n]

MAC phase: K users transmit their signals to the BS
yrin] = t/ PyF|n]xy|n] + ng(n]
Yrlnl =Wglnlyln]
Wgln] = (F[n — 1]F[n—1]) F[n —1]

BC Phase : The relay uses transmit ZF precoding to transmit an
amplified and permuted version of yp[n] to the user nodes. The
channel is assumed to be static during this period, therefore,
this paper does not actually consider channel aging



Still More System Model

Transmitted symbol by the realy
Vi, [n] = Wrn]Gel;Welnlyg[n]
Wrln] = H[n — 1](H[n — 1]H"[n — 1])
I1; is the permutation matrix for the jth slot

The received signal vector at the user nodes during the jth slot
IS
Yy = GrRH[NIW ¢ [n]I; W [n]yg[n] + ny[n]

The post processing SINR at the kth node for the jth node is

given as (this is for perfect CSl) 4
3

5
)/k,j — p4PUPR ZIPL' + O-gz IGi
=1 =1



where
I, = pZPUtr{VHl}
IGZ = Op tr{VFlv;Il}
I, = Pytr{Vy'VgiV VF1VH1}
IP1 — pZPR f[ ]kk
Ip, = p?PyPg [VF1VEFV Vil .
Ip, = p*PyPg [VEHVH1VH1VEH]k
Ip, = PyPg [VEHV;,lvFlvEFV VeV VE,]
Ip, = Prof [VEHVH1VF1VH1VEH
Vy =H[n— 1]H"[n — 1]
Ve = F[n—1]F[n — 1]
Ve, = FH[n — 1]Ep[n]
VEH Ey[n]H"[n — 1]

kk



Deterministic Equivalent Performance analysis of
time varying massive MIMO systems

Papazafeiropoulos and Ratanrajah
L cells each with one BS having N antennas serving K users.
TDD system with channel rec:iproc:ity1

hjpm[n] = Rjilm [n]q jim
qjlmNCN(O; IN)

Training

V,,[nl =Y, [N®H = [p7 (Z n]) P@H 4 7 [n]wH

iijjm[n] ]]m( IN-I'Z ) Yp,jm
(l)
]]m In] = h]]m In] +h jjm [n]



System model

pth order wiener predictor similar to the one used previously

Uplink
Yr,j [n] L
= \/EW]H]] [n]x,ﬂ,j [Tl] + \/ﬁ z W]HH]l [n]x‘r,l[n] + Zr,j [Tl]
1=1,1#j
Downlink

Yf.im [n]
— pf/lj h]Hjm [n]fjm [n] Xf im [n]

* Z w/pf)tlhg'rn n]funlxe e [n] + z¢ jm[n]
(LK)=(j,m)



Asymptotic Performance analysis

Uplink Signal

yr,jnh[n T 1]

= W%'{m[n + 1]gjjm[n]xr,jm[n + 1]

+ ij [Tl + 1] (hjjm [Tl] _ gjjm [n])xr,jm [n + 1]

- Winln + 1hjgn + 1x, g [n 4+ 1] + Z5 ju[n + 1]
(Lk)#(,m)
?r,jm [Tl + 1] A
- p*8m
1 o/ 1, .2
leml

1 A
!/ ] 144
_5 ) _|___5 +§:(l, Y, )N”jlk +CZ2 E:l j

p*8/m

_ 1 - 1 2
J I
im TN 8"+ Ziyecm  Lem + @ Xia |V jim|




Downlink Transmission

yf]m[n]
\/;E[ ]]m f]m[n]] xf]m[n]

\/7( hjjm [n)f jm[n] []]m [n]f jmln] ])xfjm[n]

+ z \/_hl]m nl|fulnlxe i nl + z¢ jm[n]
(LEK)#(j,m)

Similar expressions for downlink SINR are derived
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Sum Rate and Power Scaling of Massive
MIMO systems with Channel Aging

Kong Zhong Papazafeiropoulos Matthaiou Zhang
Uplink model considered

G[n] = H[n]D%
Y[n] = fp_pl[n]ch
G[n+1] MRC

Afn+1] = Gln +1]1(GH[n + 11G[n + 1])~* ZF

The kth element of the received vector is
rln+ 1] = A% [n + 1]G[n + 1]x[n + 1] + A% [n + 1]z[n + 1]
T [Tl -+ 1

= Vpuag[n + 11ggln + 1xi[n + 1]
+ e z al[n + 1]giln + 11x;[n + 1] + V7,

i=1,i¥k

Two receivers conside{ed

all[n

i



Achievable uplink rate

K
R_T—TZR
= .
k=1
=F log2<1




With the Wiener predictor

2%P A 2jp2p2
a ijoa TEY B M0 g
M2y—1

The model is extended to single cell downlink to show power
scaling there as well.

RY™ —log, (1 +

Another extension is made for multi-cell cellular systems by
introducing a pilot contamination term in the channel

estimation part and an inter cell interference term in the SINR
expression



Some Results
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Impact of general channel aging conditions on
the downlink performance of Massive MIMO

Papazafeiropoulus

User mobility is not the only cause of channel aging

Phase noise is also shown to have channel aging effects

MRT and RZF precoding based systems are considered
Deterministic equivalents for downlink SNRs are obtained
Single cell system with K single antenna non-cooperating UEs

Each BS antenna has an independent phase noise
¢m[n] — ¢m[n — 1] + §%m [Tl]
(Pm[n] — QDm[Tl - 1] + §¥m [Tl]
Both are ZMGs with variance c¢;4m?f.Ts c; is an oscillator
dependent constant.



More system model

It is explicitly stated that aging during training is neglected.
giln] = A[n]g;[0] + e;[n]
= A[n]gxl0] + eakz[n]

Aln] = Jo@nfyTsn)e” 2 "A®[n]

(0} (0) (o)
1. _ZP2 __%k }
n > n 2 n

Ad[n] = diagle 2 e -
In case when all the BS antennas are connected to the same oscillator, or all
the oscillators are identical,
2 2

Ap = ply, p =Jo@2rfpTsn)e 2

n

The received signal is
Yk

In]
= ApdE[gIIg,n@i,nfk,n]xk,n + Zgn T z V Apdgllg,ngi,nfi,nxi,n

I#k

+ /Apd (E [gfcl,nglzc,nfk,n] - gﬁ,n@lzc,nfk,n)xk,n



Downlink Transmission

1 Tc—T 1 Tc—T
Ry = T Z Rin = T Z log, (1 + ykln))
C = Cc =
n=1 n=1
With MRT precoding .
6—2(J¢k+a¢)ntr2{A%Dk}
Mo?
pd/lf + Xisk tr{A7D;R}}

For a diagonal Dy, this is shown to allow a power scaling of

Yrln] =
tr{As Dy (R, — A5zDy)} +

1
VM
Similar expressions for RZF transmission as well.



Some more results
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Study of Effect of Training for Downlink Massive
MIMO systems with Outdated Channel

Kim Min and Choi

The system model is similar to the one discussed previously, and the
effect of training on system performance is considered

This is quantized in terms of the rate gap
ARy = Ri#e* — Ry,

This is lower bounded as

AR, > log, (1 +

pklgkprzn,kBI% (613 + g — 1 ))
I+ pBr(of + p')%l,kAinalzc)
With

[=pi ) pi(of +u2)+1

Jj#K



What have we done?

A beamforming based system considered
i =ul"Hv

Dominant Eigenmode considered.
Dominant singular value fi = N.(1 + +/c)

SINR N
o> —g—g) N, (1 + VO)2€,

ylnl = r
(Pzn g_; +(1 - ,02”)> Es + Ny

Channels is good to use until y|n] above a certain y;,.

Can define the usable time as
YT = ven



What have we done?

The overall throughput becolrvnes
R = (1 — —t> lOg(l + yth)
I
We can select N¢, T, and y¢, to optimize this.

Es and &, are to be chosen to satisfy
thp ~+ (TC — Nt)(.c:s —_ TC(.C:t

But these can also be tuned to m%imize the throughput
__t
a = T,

Theoptimallgs is c ; e =
— A t_ — a t — A _t_
(a)a \/(a)a[aNO a NO]
[1—2a1—a]

a a

£r =
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What more can we do?

No one has considered aging while training, in
which case a Kalman filter is the optimal solution

An outage based analysis is needed for uplink

and downlink systems

The CHEMP receiver




Questions ?






