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ABSTRACT

To fully exploit the channel capacity in multiple-input multiple-output
orthogonal frequency division multiplexing (MIMO-OFDM) systems,
beamforming vectors derived from SVD can be used at the transmitter and the
receiver. The optimal beamforming requires -accurate the channel state
information for each OFDM subcarrier. This paper proposes a limited feedback
and limited channel decomposition architecture by deploying a novel suitable
interpolation method to reduce the computation cost of beamforming. In the
proposed system, the receiver feedbacks only the estimated channel information
on the pilot subcarrier and the transmitter use these channel information to get
decomposition results on all subcarrier by an orthogonal interpolation method.
This method is a circular interpolator with the important assumption that the
singular modes on adjacent subcarriers approximately change in a linear way.
Numerical simulations show that under certain circumstances, e.g., proper FFT
size, interpolation gap etc., the proposed scheme can reduce computation

efficiently while only sacrifice little performance.

II



Bt
FARMHHA R ERES BT B 2 R MR AT
2P RS TERS PR EANGRFY L R RA LA LT §
- ERARBT - BAIRT AL APE LY F o RELE R

ABET RSB ER S E AT BT PEAR o BT iR

P2

b

o+

CECEF TR R S R ARE Y 5 B A A
g At o A B L BRBRA S TREE AiEA E2 ¢ 2 REF
EFS AT EIRER B L P andnd ER AR
1L BRI 0 Fg ANEE T TR oy R 4 RHE B
Fifea ¥ B 54 73 #‘?"11 %3 s e g (A3 2Ba

PO IR AT R K hpRiE s Fobn xramﬁ}]ﬁ”'}’{ﬂu s A FHT Y

2 EH § Lvk o S

III



Contents

B 2R o]

R BB ettt et b e e h et b e e bt et ee e M1
CONTENT ... e IV
LIST OF FIGURES......oi e A%
Chapter 1 INtroducCtion.............coeviieeiiieiiieecie e 1
Chapter 2 Design beamforming vector in MIMO-OFDM system............. 3
Chapter 3 Communicaton system with. CSTto Tx and RX.........ccccceeueeeee. 5
3.1 Communicaton system-with full-CSI to, transmitter and receiver......... 5

3.2 Communicaton system with limited CSI to-transmitter and receiver...9

Chapter 4 Orthogonal singulatvalue decomposition interplation............ 11
4.1 The correlation between beamforming vector and singular value......11
4.2 The orthogonal interpolation Operation............ceecueeveeerieeriieeneeennenne. 14
Chapter 5 Generalize OSVDI to other decomposition...........cc.ccccuveenneee. 18
5.1 Generalize OSVDI to other decomposition............ccecceeeeveieenveeennnenn. 18
5.2 SIMulation reSUlL.........cooiiiiiiiiiieiieee e 21
Chap 6 CONCIULION. .......eeeiiieiiiie et et e e e e 29
W o) 0153116 1. SO USSR PRRRRPPRR 31
RETETEINCE. ....eiiiiiieiieeee e 34

v



LIST OF FIGURES

Figure 2.1 MIMO-OFDM system with Mt transmit antennas, Mr receive
antennas and N SUDCAITICT. ...........oouiiiiii i e 4

Figure 3.1 The subsystem working at k-th subcarrier and the number of
transmitter is m and receiver antenna is . Full the CSI feedbacks to

transmitter from receiver with error free......oovvveoeeeeeiee e, 5
Figure 3.2 The simplify MIMO-OFDM system that work at k-th
subcarrier and limited CSI feedback.........ooovniiieimiiie i, 9

Figure 4.1 Using projection method to find out the correlation and
permutation. The number of transmitter and receiver antenna is 4. The

degree of spot size is corresponding to the degree of correlation......... 11

Figure 4.2 Mr = Mt = 4. The order of singular value be switched.........12
Figure 4.3 Using projection method to find out the correlation and
permutation. The order of singular value has been changed................ 12

Figure 5.1 The number of transmitter and receiver antenna is equal to 4,
frequency selective fading with' multipath 3. The D is the gap size
between adjacent pilots. #To measure MSE come from OSVDI

10001 0X:0041015) 0| I S S s e 22
Figure 5.2 Residual impaitment and measureas r,D=3................... 22
Figure 5.3 The MIMO-OFDM systemwith pre-coder and decoder.

Change FET S1Z€......uvinni i it et eaie b e et e et eee e eeeaee s 23
Figure 5.4 The MIMO-OFDM system with precoder and decoder. Change
D SIZ€. ettt e 24

Figure 5.5 The MIMO-OFDM system with precoder and decoder. Change
D size and algorithm. Receiver has perfect CSI and feedback CSI to
transmitter without error......... ..o 26

Figure 5.6 The MIMO-OFDM system with precoder and decoder. Change
D size and algorithm. Receiver only has perfect CSI on pilot tone and
feedback CSI to transmitter without error................covveiiiiiiiinnnnn. 28

Figure 6.1 OSVDI algorithm flowchart. Under i<j and |;-i|=p. If1>],

then exchange the symbol 1 and j in this flowchart.......................... 30



Chapter 1
B Introduction

MIMO systems provide spatial diversity that can be used to get the multiplex gain,
array gain, diversity gain, and interference reduction. When the channel state
information (CSI) is not feedback from the receiver to the transmitter, using
space-time coding [1] [2] can get the diversity gain. When the CSI is available at the
transmitter, diversity can be obtained using beamforming design based on CSI at the
transmitter and combination at the receiver. It can significantly improve system
performance.

The beamforming technique is proposed for narrowband channels can be easily
extended to frequency selective channels by employing orthogonal frequency division
multiplexing (OFDM). The =combination -of MIMO and OFDM, known as
MIMO-OFDM, converts a broadband-MIMO channel into a series of parallel
narrowband MIMO channels, one for.each OEDM subcarrier.

In nonreciprocal channels, this requires that the receiver sends back to the
transmitter CSI or the optimal beamforming vector for every active subcarrier. The
subchannels are obtained from the discrete Fourier transform (DFT) of the sampled
frequency-domain channel are significantly correlated. As a result, the beamforming
vectors that determined by the subchannels are also substantially correlated [3] in
frequency domain but also to time domain. In [3], it only says how to get the next
tone beamforming vector and to describe phenomenon on SVD (Singular Value
Decomposition). We propose a new beamforming scheme that sends back only a
fraction of beamforming vectors or CSI information to the transmitter and generates
the beamforming vectors for all subcarriers through interpolation at the transmitter [4].

We assume that the transmit power is equally assigned to all subcarriers and CP length

1



is larger than channel delay length to avoid ISI (Inter-symbol Interference) and ICI
(Inter-carrier Interference). Power allocation can be included in the system model
with additional feedback but we defer this to future work.

The remaining of this thesis is organized as follows: in chapter 2, we show that
the design criteria to beamforming vector. In chapter 3, we discuss what condition
must be considered when CSI at transmitter and receiver. In chapter 4, we introduce
the OSVDI (Orthogonal Singular Value Decomposition Interpolation) algorithm and
what impairment has to consider. Finally, we generalize the OSVDI to the other

decomposition and show the simulation result in chapter 5.



Chpter2
B Design beamforming vector in MIMO-OFDM system
The MIMO-OFDM system show in Fig(2.1). The multi-path channel are
independent and identically distributed (i.i.d) complex Gaussian distribution with zero

mean and unit variance. The received signal at the k-th subcarrier can be expressed by

R =Z/{HWI, +N,3 I<k<SN (1)
where
T
R, :[”1,/{ LW rM,,,k] > (2)
Z :[Zl,k Zok e ZM,.,k] 3)
where z,, =[z,; z,; - Zyuul s
W, :|:W1,k Woe o WM,,k] “4)
where w,, =[w Woik oo Wik .-
T
I, = |:[I,k Ly IM,,/(:I > (5)
T
N; = [nl,k Ryp oo Ny, ,k:| ) (6)

and H, is the frequency response of MIMO-OFDM channel at k-th subcarrier, and

N is the IDFT/DFT sizes. The N(k) is the M, x1 noise vector that entries are

independent and identically distribution complex Gaussian with zero mean and

variance to be N,, Let E D I kﬂ =g, and W/W, to be identity matrix where W, is
the pre-coder matrix working at k-th subcarrier. In order to avoid noise enhancement
at receiver, we set Z;'Z =1 where Z, to be de-coder matrix working at k-th

subcarrier. Then the SNR for k-th subcarrier can be expressed as
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In order to maximum SNR,, we know that beamforming vector at receiver can be

written as
A "
|77
I, £
o L Ly i 1=1
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17" = PiScl ) Ada Remove || gp =)
J ¥ = CP P i L | E
Ml R Ly -
n]
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7 = P8 Add Remove: P =
- e &
Liin I, = cp CP = Loy s
-~ p > | —»
My

] CST with free error: e

Fig(2.1) MIMO-OFDM system with Mt transmit

antennas, Mr receive antennas and N subcarriers.



Chapter 3
B Communicaton system with CSI to Tx and Rx

3.1 Communicaton system with full CSI to transmitter and receiver

We know MIMO-OFDM systems as many the MIMO system in different subcarrier
working. We get a simplify subsystem working at k-th subcarrier and show in Fig

(3.1). In next discussion, about the number of transmit and receiver antenna are equal

to M.

}; 1 Dﬁ:
Y_ De-m;ler L, 5P
U, —>

id .

|

—
SP |, Precoder
—» v,

el

F Y

Full CST with error free

Fig (3.1) The subsystem working at k-th subcarrier and the
number of transmitter is A and receiver antenna is A . Full
CSI feedback to transmitter from receiver with error free

In MIMO systems, to get the full spatial multiplexing gain without symbol
interference, a simple method is that the information product with beamforming
vector at the transmitter and combination at the receiver. One way to get the
beamforming vector is to decompose the channel by SVD (Singular Value

Decomposition). The MIMO-OFDM channel with multipath at k-th subcarrier as

hll,k hlZ,k th,k
h

Hk _ 21,k (9)
hMl,k hMM,k



and each path %, are independent and identically distribution complex Gaussian

with zero mean and unit variance and transmit from transmit antenna 1 to received

antenna j. The channel matrix at k-th subcarrier can be decomposed as
H =USFV (10)

where U,, V, and S, define

Up=[uy tyy oty ] (11)
where wu,, =[u;, u,;;, .. uM,,.,k]T, (12)
Ve=[vie Vax o Vs (13)
where v, =[v,, Vox - vM,i,k]T, (14)
and
o, 0 0
5, - 0 o, O (15)
0 O

where o, ; is the i-th singular value at j-th subcarrier MIMO-OFDM channel with

SVD decomposition.

The performance of the MIMO system as Fig(3.1) is determined by the
correctiveness of CSI (Channel State Information) coming from receiver to transmitter,
and it is very inefficiently if we perform SVD decomposition on #, for all subcarrier.
In this paper, we assume that CSI are available to transmitter via a low-rate, error-free,
zero-delay feedback link from the receiver back to the transmitter. We will propose an
algorithm for MIMO-ODFM system with lower computation and lower complex to
interpolate beamforming vector, simulations show the effectiveness of the propose

algorithm and compare with ideal case and other interpolation of beamforming vector.



According to MIMO system working at k-th subcarrier as Fig(3.1), the transmit

signal can be written as

Xe=lxy Xy - xM,k]T (16)
that x,, transmit from antenna i at k-th subcarrier and X, =V, /,. The information

I, express as

and the receiver signal is

R =[R, R, .. R,T 17)

that R, isreceived at antenna i at k-th subcarrier, and can be express as

- (18)

hll,k h‘12,k h’lM,k X1k n

h21,k X2k 1k

_hMl,k Poe i || Xnr i Mtk

=H X, +N,
that with AWGN noise express in (19) that each element are independent and

identically distribution complex Gaussian with zero mean and », variance.

T
N, :["1,k Mypo e nM’k] 19)
The pre-coder y, and de-coder y, apply in (18), we can get decoder signal R,

as



Rk

=U/'Y,

=U(H X, +N,)
=S, +U'N,

(20)

that working at k-th subcarrier. It means that information about beamforming is full
feedback to transmitter from receiver in order to get full diversity [7]-[10].
Observation equation of (20), we know that information signal of 7, can be
transmitted to receiver without inter-symbol interference and no noise enhancement
problem because decoder matrix of v, 1is the orthogonal operator.

This communication system with full CSI to the transmitter and receiver, and
that (20) has perfect form to resolve cross talk problem, we call this situation to be
Ideal Case. But we know this communieation system need to perform N times SVD
and feedback N times with BPSK and-coding for error free if FFT size is N. This is

not only computation complex-but'also power consumption seriously.



3.2 Communicaton system with limited CSI to transmitter and receiver

In MIMO-OFDM system, if communication system consider as Fig(3.1), then
computation and power consumption increase with FFT size. In order to reduce not
only computation complex but also power consumption seriously, we must reduce to
perform SVD times and feedback times. Base on this mind, we are developed OSVDI

(Orthogonal SVD Interpolation) at receiver and transmitter to interpolate decoder

matrix of U, and pre-coder matrix of V. The communication system as show in

Fig (3.2) that working at k-th subcarrier.

I?
¢ k D
f e e YT ‘f
S » o "
b E =
s j K 2o 2 |
_.. — ; L |'|:|
—» 3 2 § Z
v B} = D
Vs = o F >
> g 8
= o
- =
@ -
- =
_E o
— = F 3

A

Limit CST «~
With error free«

Fig (3.2). The simplify MIMO-OFDM system that work at k-th

subcarrier and limited CSI feedback.

In this paper, in order to simplify problem, we assume that channel estimation is
perfect. The receiver need to perform OSVDI to interpolate U, only and feedback
limited CSI to transmitter. In this paper, we assume transmit CSI from receiver is no

impairment by BPSK modulation and addition channel coding to ensure this

assumption. When the transmitter gets CSI from receiver, then perform OSVDI to



interpolate 7, matrix only.

If OSVDI algorithm can efficient interpolate beamforming vector with a little
performance loss than we can see that not only reduce feedback times but also reduce
computation times for SVD operation by OSVDI (Orthogonal Singular Value

Decomposition Interpolation). In next section, we will introduce OSVDI algorithm.

10



Chapter 4

B Orthogonal singular value decomposition interplation

4.1 The correlation between beamforming vector and singular value

If we want to get the transform matrix from V, to V,,, or from U, to

m

U,.p, the instinctive method can be derived from U,,,=U,T then

m>mm+D >

T, ,...=U "y ., and result can be show as Fig (4.1) where the value of D is the gap
between adjacent pilot tone.

Hl,m+D HE,??HD ”3,m+D H4,m+D 5

t

Uy

s

”4,??3

Fig(4.1) Using projection method to find out the correlation and
permutation. The number of transmitter and receiver antenna is 4.

The degree of spot size is corresponding to the degree of correlation.

We see a phenomenon as show in Fig (4.2) and corresponding to 7

mmep MALIIX

state as show in Fig (4.3).
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Amplitude

(m+IN-th
tone+

1-th tone: motd-th  (a+d+1-th
tone tone

T T
G'3<
T Oy

s

» Frequency

Fig (4.2) Mr =M, =4, The order of singular value be switched.

Hl,m+£‘-‘ HZ,J?HD HE,m+D H4,m+D :

‘I!rlllll,l??g . . o)

v @ o
Uy
H4,m .

Fig(4.3) Using projection method to find out the correlation and
permutation. The order of singular value has been changed.

In a small frequency range, the singular value linearly changes and has cross points

as Fig(4.2) between (m+d)-th tone and (m+d+1)-th tone. We have an important

12



assumption in this paper that each singular vector during a small frequency range
linearly change from m-th subcarrier to (m+D)-th subcarrier, the phase linearly

change uncorrelated of other singular vector.

If D=#0, observation of T

m,m+D

matrix, the element of T

m,m+D

matrix at diagonal

line always has two properties. The first, the absolute value of these elements are

bigger than the other element in the same column of 7, matrix. And second, the

m+D

absolute value of these elements is much closed to one with arbitrarily phase.
Otherwise, if D=0, these elements are unit norm with zero phase and the other
absolute value are zero.

So we just pay attention to diagonal element of transform matrix and neglect the
other element. When we just focus on diagenal line element, this mean that

eigenvector are uncorrelated .fo each other. But Sometime, we find an interest

phenomenon that the biggest absolute values of. 7, matrix not happen to diagonal

D
line as show in Fig(4.2) and Fig(4.3). In Fig(4.2) and Fig(4.3), we know there has
cross point from m-th subcarrier to (m+D)-th subcarrier. So we assume singular value
is linear change when D is small, then we can estimate when the cross point will be

occurred.

13



4.2 The orthogonal interpolation operation

For simplify this transform matrix, to interpolate U, ., matrix between pilot

tone of U, and U,,,, and to interpolate V ., by V, and V, . ,. The OSVDI
algorithm is to observe some of SVD characteristic and must hold as follow:
(a) The i-th and j-th column of U, matrix are orthogonal.

(b) The i-th and j-th column of ¥, matrix are orthogonal.

(c) Singular value in S, matrix must in order.

(d) Change in Singular value is linear in small value of D.
Now, we define math form about pre-coder and de-coder matrix at (m-+d)-th

subcarrier, the de-coder matrix as

Umem,nHD,de,nHD,d O < d < D/2
Zm+d = Um+D9m+D,m,an+D,m,d D/2 < d < D (21)
U d=0,D

m+d
and pre-coder matrix as

Vm¢m,m+D,an,m+D,d 0 < d < D/2

Wm+d = Vm+D m+D,m,de+D,m,d D/2 < d < D (22)
Vi d=0,D
and U,, V and S, matrix define as (10)(12)(14).

The orthogonal operator matrix as 6, ,,, ¢, and B, used to interpolate

1

pre-coder matrix, de-coder matrix. We know that the pilot insert in i-th and j-th
subcarrier and (i+d)-th subcarrier need to be interpolated.
In this paper, we assume the number of transmit antenna equal to receiver antenna

M. Conclude above discuss, we know that we need insert pilot at i-th and j-th

14



subcarrier. 6, , is phase rotation matrix and form as

0 0]
0 e 0 .
0 4= 0 (23)
0 w0 M

and so is that to ¢, , ,, both them to hold that each singular vector and phase change

during a small frequency region change from i-th subcarrier to j-th subcarrier are
linearly increase or decrease and uncorrelated to the other singular vector, and that get

entire element by

J* tan! "imag(ufjuy,j)”
”real(uﬁuyvj)”
+ D Jj>i
Ortas = . 7 (24)
o iye I3
s ”real(ufiuy’j)”
B D

andsoisto ¢ ,, and detail show in‘APPENDIX . If y =/, that mean permutation

matrix B, is identity matrix. If y#1/,y is decided by the form of £, because

we have to select beamforming that high correlation between them.

The permutation matrix is to process the cross point when singular value order is
changed during a small frequency region from (m+d)-th subcarrier to (m+d+1)-th
subcarrier as Fig(4.2) and Fig(4.3). Under the assumption that singular value is the
linear change, we can estimate when the cross will be occurred and how to set up the

permutation matrix to process this cross phenomenon. The permutation matrix of

P, ,..pqs must be accumulative from m-th subcarrier to (m+d)-th subcarrier for

m

holding the order of singular value and eigenvector if we interpolate (m+d)-th

15



subcarrier. Above process method are also applied to P,

m+D,m,d *

From equation (21) (22), an important feature to inserted operator is that these
operators are orthogonal operation. So that these operation don’t change the
coordinate in order to hold SVD structure and avoid symbol interference in
transmitted symbol.

Base on discussion before, we can think straight forward that if we want to
interpolate more channel applied SVD, the phase of rotation matrix 6, and
¢, ;. can be assumed linear change between adjacent tones that gap in frequency

domain is not fixed one. There is punish we must take from error of interpolation

applied in Z ., or V, ., matrix because of reducing transform matrix of7]

m,m+D
and instead 6, , ,, 4, and B ,.ltcanbe measured as
M M 2
Au = ZZ"”! Jom+d lj m+d (25)
i=1 j=I
where z . istheelementof z , ati-throw and j-th column and
M M 2
Av = zz”vl jam+d lj m+d (26)

i=l j=1

where  w, ., isthe elementof W, , ati-th row and j-th column.

1,

But we must know that interpolation error not only come from (25) and (26) but
also from residual impairment. The residual impairment that pre-coder matrix must

match to de-coder matrix. We define a value as

C
r= 27)

/G{IZM
Z,,

where

16



M

|:Z:,i,m+d (Z(hv,k,mﬂi We.jm+d )]} (28)

k=1
to measure this error.

In general case, this value is very close to one and that is we hope if FFT size is
large, and we will show that the value T" is higher correlated with interpolation error

of OSVDI algorithm by simulation result.

17



Chapter 5
B Generalize OSVDI to other decomposition

5.1 Generalize OSVDI to other decomposition

Before introduction of OSVDI algorithm, we can understand this algorithm
suitable for interpolation of orthogonal matrix because we insert operator are
orthogonal type. So the OSVDI also can be applied to QR, GMD (Geometric Mean
Decomposition) for reducing computation. And base on channel decomposition, to
decouple the symbol interference we can use iterative process [5] [6].

The communication system is the same as Fig(3.2), if we take QR decomposition to

be major decomposition method to get beamforming vector and reduce computation

complex at transmitter, then receiver.dééompose. H” as

H, =0, Rn (29)
to get ém and R, matrix. Reéceiver hasrto-feedback CSI about Qm to transmitter
and setting decoder matrix of Z, ,/ito 'be identity matrix. Using OSVDI at

transmitter to get pre-coder matrix of W ., as

@m ém,erD,d 0< d < D/2
Wm+d = QnH—D éerD,m,d D/2 <d<D (30)
§m+d d = 0: D

where G mpa and t~9m+D,m,d are the phase rotation matrix using equation (23) and

(24) that effect to ém and é and the received signal can be refine as

m+D >

~H ~H ~ ~
(R”Hd Qm+d)(Qm 0m,m+D,d )Im+d + Nm+a' 0 < d < D/2

~H ~H
Rm+d = (R””d Qm+d )(Qm+D 0m+D,m,d )Im+d + Nm+d D/2 < d <D (3 1)

Roeal ., +N, d=0,D

18



and receiver only execute the iterative process on R to get information signal

m+d

I,.,. If decreasing computation at receiver is our major, receiver no feedback CSI to

transmitter and using QR decompositionto H, as

~

H,=0 Rn. (32)

At transmitter, the pre-coder matrix of W

m+d

is to be identity matrix. At receiver,

using OSVDI to get decoder matrix of Z,,, as

N

@m 0m,m+D,d O < d < D/2
Zm+d = @WHD ém+D,m,d D/2 < d <D N (33)
@m+d d = O,D

where ém,m+D,d and émw,m,d are the phase, rotation matrix using equation (23) and

(24) that effect to @m and @ then/received.signal can be refine as

m+D

A~

(00 Onine )H (O Rt Vgt N 0<d < D)2

m

A

~ H / ~ ~
Roes =4(OppOniin ) (O Rt gt Nigia” DJ2<d <D (34)

Ruwal,.,+N, ., d=0,D

Finally, we iterative process the signal R, , in order to decouple received signal and

find out the 7/ ,, information. On the other hand, if we use GMD decomposition to

design beamforming vector and decide reducing computation complex at transmitter.

We decompose H!' as
H = = =H

Hm =QmRum . (35)
To set up the decoder matrix of Z, ,, be identity matrix and pre-coder matrix of

W, .. as

m

19



é 5mm+Dd 0<d<D/2
m+d Qm+D0m+Dmd D/2<d<D, (36)
0,,  d=0D

where Onmipa and Onipma are the phase rotation matrix using equation (23) and

(24) that effect to ém and é then received signal can be written as

m+D >

— — — H  __ _
(QerdRerd P:Hz) (Qm Ommin.a )Iw +N,., 0<d<DJ2

— — — H ,__ —
R,..= (Qm+d Rinva PZW/) (Qm+D 9m+D’m,d) med TN D/2 <d<D. (37)
— gy \H
(Rm+dPnz+d) [m+d+Nm+d dZO,D

Received signal product with P.+a and execute the iterative process on R, to

m+d

get [, .,.If decreasing computatien at recerver is-our goal, receiver no feedback CSI

to transmitter and using QR decomposition to #1, * as

= = =H
=0 RuPu 38)
Let W, ,1is to be identity matrix and decoder matrix of Z, , as
Em Zm,erD,d O < d < D/2
m+d 5171+D ZerD m,d D/2 < d < D . (39)

0,.. d=0,D

where Opnmipa and Omipma are the phase rotation matrix using equation (23) and

(24) that effect to 5,,, and é then received signal can be written as

m+D

= = H((— = —H
(ngm,erD,d) [QmﬂiR"”dP’”*'djlerd +Nm+d O<d<D/2
= = H (= = =H 40
R,.,= (QM 0m+D,m,d) (QMR,M Pm+d]1m+d +N,,, D/2<d<D (40)
= =K
(R”’*de*dj]erd_'—Nerd d=0,D

20



5.2 Simulation result

The simulation parameters as show in TABLE I, we use frequency selective
fading channel and adjust FFT and D size to observe channel estimation error. We
propose an algorithm not only uncomplicated to estimate channel state information

but also estimate pre-coding and decoding matrix.

Transmit antenna 4

Receive antenna 4

FFT Size 128 /256 /512 /1024 /2048
D Size 2/3/5/7

Modulation QAM

Multi-path Length 3

TABLE 1. Simulation Parameter. Change FFT and D size.

The first we will show interpdlation error by OSVDI algorithm as below Fig (5.1)
and the measure value of MSE define as

1 1+r*D

wsg=L 3T S Y

m=1+0*D d=0 i=1 j

M:

|t

(41)

i,jm+d t_/m+d

~
n

& . N -1
where h,,m+d Z[zi’k’mﬁ, (O'k’mdw km+d)} and the value of r is equal to {TJ

k=1

So we know that OSVDI performance is depend on size of D and FFT if
multipath is fixed and the number of D will determine how degree of computation
reduction. We discuss a measure value of " before. This value will determine the
MSE value and closed to unit is better. Simulation result as Fig (5.2).

We can find out the relation between I and MSE are an inverse ratio. We have
to know if FFT size increase or D decrease, the value of I" will close to unit and
MSE will decrease to zero. Finally, we show the communication system as Fig (3.1)
and compare with communication system as Fig (3.2) to understand computation

complex reduction by OSVDI cause degree of performance impairment.

21



E[MSE]

Wr=hit=4 Multipath=3

1 EI- T T T T
1 050l D=2
3 —4— 0SvDI D=3 3
—B— 05Dl D=5
—&— 0S8Vl D=7
107k .
10k !
10° L !
1 D'B 1 1 1 1
0 500 1000 1500 2000
FFT SIZE

2500

Fig (5.1) The number of transmitter’and receiver antenna is equal to 4,

frequency selective fading with. multipath 3. The D is the gap size between

adjacent pilots. To measure MSE come from OSVDI impairment.
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When we adjust FFT size, the performance result show in Fig(5.3) and parameter in
TABLE II. When we adjust D size, the performance result show in Fig(5.4) and
parameter in TABLE III. We will find there is an error floor happened due to small

FFT size or large D caused larger OSVDI impairment.

Transmit antenna 4

Receive antenna 4

FFT Size 128 /256 /512 /1024 /2048
D Size 3

Modulation QAM

Multi-path Length 3

TABLE II. Simulation Parameter. Fix D size and change

) Mr=bdt=4 Multipath:3 Gap:3 Modulation:4-0AM
1|:| [ EA T T T T T

i ey

o, P'\n.\_\."

107 F

BER

IDEAL
—+— 0SVDI FFT=128
—B— 0SYDI FFT=256
10°F —&— 03VDI FFT=512
[ —&— 0SVDI FFT=1024
0SWDI FFT=2048

1 |:|'4 1 1

|
a 5 10 14 20 25 a0

SR
Fig (5.3). The MIMO-OFDM system with pre-coder and decoder.
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Fig (5.4) The MIMO-OFDM system with precoder and decoder.

Transmit antenna 4

Receive antenna 4

FFT Size 512

D Size 2/3/5/7
Modulation QAM
Multi-path Length 3

TABLE III. Simulation Parameter Fix FFT size and change D size.

In detail discussion about Fig(5.3), there have distinct and large error floor due to
small FFT size. So we can set what FFT size is suitable base on degree of multipath.
In detail discussion about Fig(5.4), there have no distinct or large error floor. Because
of correlation between pilots still strong even D is equal to 7 due to FFT size is large
enough to sampling channel state information at frequency domain detailed.

Now, we will change our object of full multiplexing gain in order to compare with

other algorithm of beamforming vector interpolation. Consider other MIMO-OFDM
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system and algorithm as [4]. We call this algorithm to be IBV (Interpolation of

beamforming vector) and the major equations to interpolate beamforming vector as

m+D

(1 — i)wm 4 ielﬂmu w
D D

0) = 42
Wm+d( ) (l_i)w +iej€m+dw ( )
D m D m+D
and
2
Opea = Argmax|H,, oW, (6)] (43)

where 0=1{0,27/P,4r/P,..,2(P—1)z/P}. In equation (42), there have division
operation in order to normalize after interpolation by linear weight method. In
equation (43), there use optimal criteria to maximum the worst channel gain in order
to ensure maximum SNR.

If our MIMO-OFDM system as:Fig(2.1) is changed to [4], we can see that data rate

will decrease M, time from=NM, but diversity gain will increase from one to

M, times. The simulation parameter-as Table IV and simulation result show in

Fig(5.5)
Transmit antenna 4
Receive antenna 4
FFT Size 64
D Size 8 14
Modulation QAM
Multi-path Length 3

TABLE IV. Simulation parameter. Using small FFT size and two different D size.
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Fig(5.5) The MIMO-OFDM system with precoder and decoder.
Change D size and algorithm: Receiver has perfect CSI and feedback

CSI to transmitter without error.

Observation of Fig(5.5), we see performance of IBV is better than OSVDI. The
reason will discuss and will show simulation result to prove our concern. The first, we
develop OSVDI algorithm in order to maintain full multiplexing gain, so we insert
orthogonal operation to interpolate beamforming vector under no damage of
orthogonal property in pre-coder and de-coder but IBV is not. The second, our
assumption of singular mode that linear change to be broken because of the size of D
is too large compare with FFT size and the number of multi-path but IBV can
dynamic adjust by optimal criteria. But we have to know if D is small, then
performance of IBV and OSVDI are close to each other and usually practical

communication system for example 802.16e WIMAX system set D to be small size.
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The number of multiplication shows about in TABLE V. The IBV need
M (N —-N/D) division for normalize interpolated beamforming vector and the
OSVDI need 2N/D division to calculate phase. The computation complex of IBV
comes from (42) (43), apply SVD in MIMO-ODFM channel, IDFT and DFT,
combination at transmitter and receiver. The computation complex of OSVDI comes
from (21) (22) (24), IDFT and DFT, apply SVD in MIMO-OFDM channel. We
observe equation (42) (43), IBV need full CSI to calculate de-coder vector, need
division operation in order to normalize interpolated pre-coder and force to find
rotation phase by optimal criteria. But OSVDI algorithm is not, only need CSI on
pilot tone because pre-coder and de-coder are interpolated, fewer division operation
and instead by orthogonal operation and shift register, no force to find rotation phase

by equation of (46).

# of multiplication at Tz | # of multiplication at Bx
Ideal Case MR+ 1og, W) M log, M+ 1+ A2
BV D-1 2
M (logy M+1+2 )| M lng,N+1+(1+i}£+(3+M}£
L : o2 D
SR E D-1 2 _
M (log, M+1+12 G ) W(lng:N+l+%+2DD1}

TABLE III. The number of multiplication.

Now, we will show another simulation result, simulation parameter as TABLE 11
but receiver only has perfect CSI on pilot tone and other tone using linear

interpolation to get. The simulation result as Fig(5.6).

27



Mr=hit=4 Multipath:3 Modulation:4-C1AM
O T T T T T T T

11 F N
it
[N
L
2 IDEAL D=8
10 ¢ —+— |DEAL D=14
—B—05vD D=5
—&— 05vD D=14
—&— B D=8
’ IEY D=14
107 F
1 1 1 1
-12 -10 & -5 -4 2 a

SMNR

Fig(5.6) The MIMO-OFDM systém with precoder and decoder. Change
D size and algorithm. Receiver only has perfect CSI on pilot tone and
feedback CSI to transmitter without error.

In Fig(5.6), we find OSVDI performance is better than IBV under D=8 but
D =14 1is not. In D=8 case, because IBV need more CSI than OSVDI, so
performance of OSVDI is better than IBV. In D =14 case, IBV still need more CSI
than OSVD but assumption of singular value to be linear change in OSVDI is broken.
Also OSVDI has better performance in lower SNR but still have obvious error floor in

high SNR.
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Chap 6

B Conclution

We propose an algorithm OSVDI to interpolate pre-coder and de-coder matrix for
reducing computation complex from SVD applying and feedback times. But how to
chose FFT size, D size, the number of transmitter and receiver antenna become a trade
off and how to improve residual impairment also become the main point. In this paper,
pre-coder and de-coder has high correlation in adjacent frequency tone and we also
base on these feature to interpolate pre-coder and de-coder by OSVDI. In the other
word, we also know that pre-coder and de-coder has high correlation in adjacent time
and also can be applied OSVDI in time domain.

The OSVDI algorithm can be applied to transmitter and receiver in order to reduce
computation complex and feedbaek time, and the flowchart can be show as Fig (6.1).

We advance three measure value as (25).426)-and (27). Using (25) and (26) to
measure error come from interpolation-of OSVDI at receiver and transmitter. We
have to know even error value that. measure from-(25) and (26) are small, but overall
performance still have error floor because of residual impairment (27). Finally, we
discuss about different algorithm of IBV and OSVDI. We know OSVDI algorithm is
generalize, because it can be full spatial multiplex gain with diversity gain one or
sacrifice some spatial multiplex gain in order to get diversity gain. Now, trade off
between spatial multiplex gain and diversity gain also become our major.

Finally, we discuss about different algorithm of IBV and OSVDI. We know OSVDI
algorithm is generalize, because it can be full spatial multiplex gain with diversity
gain one or sacrifice some spatial multiplex gain in order to get diversity gain. Now,

trade off between spatial multiplex gain and diversity gain also become our major.
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APPENDIX

In this paper, we know phase rotation from degree of zero to 6, and change

not seriously. In simulation result, we can observe that the measure of phase change

I1 . . .
more than E) suddenly. The simulation parameter is in TABLE IV and measure

value of 6, = showin TABLE V.
Transmit antenna 4
Receive antenna 4
FFT Size 1024
D Size 8
Modulation QAM
Multi-path Length 4

TABLE IV. Simulation parameter. Fix EFT and D size.

Gro.as [ =1 1=2 1=3 1=4

d=0 0 0 0 0
d=1 -0.005219[20:01334 | -0.0448 | -0.014986
d=2 20.010504 | -0.0267 | -0.08775 | -0.02976
d=3 20.015859 | -0.04008 | -0.12887 | -0.044367
d=4 20.021287 | -0.05348 | -0.16817 |  3.0827
d=5 20.026792 | -0.06692 | -0.20569 |  3.0684

TABLE V. The measure value of 6, ,,, there have suddenly change

in /=4 from d=3 to d=4.

The reason is that U, S, and V matrix from SVD is not unique. In order to simplify

question, we consider 2X2 matrix and prove as
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(44)

- H
| U “12:”:51 0}{"11 Vlz}
[Upp Up 0 s [V Vv
_ 0 H
| Un _u12:||:S1 :||:V11 _V12:|
LUy —Uy |0 sy |[vy —Vy

So we know when 6, ., ,, is larger than 7/2, is mean that the beamforming

vector at transmitter rotate ||H|| and corresponding to beamforming vector also rotate

||H|| at receiver. We conclude above discussion, make a table shoe in TABLE VI and

soisto 6

m,m+D.,d,

, under permutation matrix to be identity matrix.

j?lmse Choose~ Ftﬂ'{(ff;”j m+D) ~() ;twf(;fjnuj’mD) =)
f”ﬁ’rg.(t'fi”g,mD) =0 St “Umgl%y, s H —_— H MO (4 g | “ ‘
\l@d%w ) H’mi' o]
gm,mi-ﬂ,d)‘ = 6?4”*11#} =
]| | (]
Hmf' s | e bbmal]
gmmD,dJ = gmnﬂldi = ) D -

TABLE VI. Phase choose in OSVDI algorithm.

Additional, in TABLE V, we know that the phase is very small, so we have

opportunity to reducing computation complex come from tan'(x). By Maclaurin

series, we get

tan~' (x)

=tan"'(x,) +

(1+x,

(I+x,)’

x,)" ...

(45)

In general case, the phase is small than 0.3, so we set x, =0.15 and take to first

order then
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-1
tan~ (x) _ (46)
~0.0022+0.978*x

Above discussion tell me why add negative to phase, how add negative and when

we have add negative to phase in order to match phase change state. The ¢, ...,

Poipmas and 6, ., ., also hold these concept but 6, ,,,, and @, ., .,

determine phase has different as (24).
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