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Abstract

In the literature, umong many technigues improving MIMO capacity (Foschinl, 1996; Foschini
et al., 1998; Kermoat e af, 2000; Molisch of al, 2002: Stridh ef af,, 2000; Telatar, 1998; Teoulus,
20u6; Vieirs of al., 2006), the concept of eigen-beamforming has heen recopnized as the hest
technique to provide an enbanced capacity. However, the expense of this technique ks the cost of
feedback chaanel and complexity processing. ‘Therefore, this article aims to present a simple
technique based on ungle domain processing which does not requine a feedbiuck chnnnel and has fow
complesity. A Butler mutrix i chosen for 4 4 MIMO systems in order to prive the concept of the
proposed system in pruciice. The simulution und messurement resulls Indicate the enhancement of
MIMQ capacity when using Botler matrix,

Keywords: MIMO Channd Capacity, Array domain processing, Aogle domain processing, Eigen-

heamforming, Butler matrix

Introduction

So for in the literature. the MIMO (Multiple
Input Multipke: your Outputy systems proyide
a promising quality of service including o
grest chunnel capaciy. Many works have
proposed the method of eigen beamforming
lechnique (Bishwarup o¢ af., 2006: Liang Sun
et ul., 2000: Sirikint et af.. 2006: Xiayu Zheng
et al., 2007;) to improve the capacity, This
lechnique milizes the properties of estimated
channels by performing singular valoe
decomposition on channel matrix. Then.
eigen-vectors compositing of channel matrix
are considered as pre and post coding schemes
for MIMO systems. From annlysis. the eigen

heamforming offers the optimal performance
in comparing with other techniques. However,
the drawback of this techmque is the requirement
of feedback channel information which
mcreases the overhead of daty rransmission
mid the expense of datn processing. In addition.
the complexity of pre and post coding is so
difficult that i is unatirnetive o be implemented
for resl applicativn, Therefore, the search of
new lechnique to replace eigen-benmforming
technigue ix still in focus,

In this article,, the simple technique
based on the concept of ungle domoin processing
is introduced. This is because angle domain

¢ School of Telecommunicution Enginéering, Surunaree University of Technology. Nukhon Ratehasima,
Thaitond. Tef: 044-224392. Fas: 044-224603, E-muil: apinvea_in@ hotmaileom. uthonsabd@ sroe th.

mip@ susac.th
* Cormesponding uuthor

Suranarce J. Sct. Technol. 17{3):1-11
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processing does not reguire any additional
complexity like feedback channel for pre and
post coding schemes. Instead, their schemes
are designed by fixed sngles of arrival and
deparnture which opernie os blind switched
beamforming. Although the performance of
angle domuin processing can be predicted 1o
be lower than eigen-benmforming but the ense
of implementation might be » good tradeoff 10
atirget MIMO designers. Also in this anicle.
the practicnl realization of the propased systeni
hus been demonsimted by using Butler matrix.
A low profile manufacturing is constructed
and also tested under renl environmeants. By
only inserting Butler matrix next to antennn
arrnys ot both transmitter and receiver. the
improvement of MIMO copacity is able 10 be
obtained as reported in simulations and
measuraments.

MIMO System Model

A, Array domain procesying

This section details the arrny domain
representation of MIMO systems (Tse ond
Viswonath, 20085), Let x be a vector of the
transmitted signals with N, tronsminted
antennas and y be n vector of the received
signals with N, received antennos. Then, the
relotion hetween transminted and received
signals is given by

vy=Hx+n 1hH
Where mis an (N, 1) npise vector and H s
an tN, N, channel matrix, With this nolation
channel putput sequence con be written in
matnx form as:

51 (% % A ix] [m
¥y By Ry o "m X ny
Py @ o 2 iR B
Il |y s o Bym |1 Pa) L

Figure 1| shows the angle domain
representntion of MIMO systems. There iy an

arbitvary pumber of physical paths between
the trapsmitter and receiver: the fth path
having attenuntion of O, makes an angle of
@10, == cos@,) with the rransmit amlenna
arrsy and angle of @10, = cos@,) with the
receive antenna array. The channel mutrix H
can he writlen us:

H-Tou'c, (0,60, 13)
W here
; 2w
o =, N.M-sq{é’—' A
4 )
! ]
1| oan|-ieassn) .
“;“3)‘3 B ‘5
i = F
e [~ 2V, - X2 2]
And
g s
5, (5% 3;7 »1n|‘,=E2!1MI 163

exp[- )N, ~ N2 59)]

Alsa. (1, is the disinnce between transmit
and receive sntennas nlong path fth. The
vector ¢4 3 ond the veator e, (0} are. respectively
uunsmitted and received unit spatial signatures
along the direction O, A, s the wavelength of
the center frequency in the whole signal
bandwidth. A, is the normalized tronsmit ontenns
separation and 4, is the normolized reccive
untenna separation. When Channel State
Information {CSIy is not available ot the
transnittter, the capacity of MIMO systems
expressed in bits per second per hertz (bps/Hz)
can be writlen as

5, D
C—log, d-;f(],,' +—7Lnn 7
)NNI J
where L, is the identity matrix of size N, N,
H is the chanpel matrix of size N, N, with

H* heing is transpose conjugate. and £, pives
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the avemge Signal-to-Noise Ratio 1SNR) per
receiver hranch independent of the number of
transmitting antennas N,

B. Angle domuin prixessing

The concept of unple domain iLi eraf..
2007-2008) can be represented by the
tonsmitted snd received signals. The signal
arriving al o directional O onto the receive
sntenna array is along the unil spatial signature
e, 0 ) given by 10), Hence, the ¥, fixed vector
is given by

b LA Sl 8)
g {.oo» g k')] )

1t {8), It can be noticed thot there js a set
uf otthoponal basis for the received signal
spuce. This basis provides the represeniation
of received signals in the angle doman.

It is similarly defined for the angle
domain representation of the transmined
signal. The signal tmnsmitted m direction O
is slong the unit vector e.{0 ). defined in ($).
The N, fixed vector is given by

3 e 1 N -1

&= {r. e =), i!(—"'—}

2 .(,1) g )

Where L, = NA, and L, = VA, are

the normualized antennn arroy lengths of the

9

transmitter and receiver, respectively, Let
U,and U, be the unitary matrices whose
columns are the hasis vector in (8) and 19},
respectively, con he written ns:

1 —i2gkf
u,_ﬁm( 2 N, ) Ki-nl LR-) 110)
And
= ! 1 _._-"‘2*” =7, 2
v, Wll—’{ W, ] E=00 . N-1. 11

We can trunsform the urray domain into
the angle domnin by

0’ - UHY, 172)

Thus, the copuacity of MIMO systems i
given hy

e

Yo

2

C—]og,d‘:l(l,.-i-——:f—ﬂ'ﬂ"] 13
Where Iy, is the entity mairix of size N,
H'is the channel matrixof size N, N,

Figure 2 shows the simulsted channel
matrice s from statistical modeling adopted hy
Fundamentals of Wireless Communicution
book: The basis for the stansticnt modelmg of
MIMO fading chunnels is approximated by

Na

Figure 1. Angle domain representations of 4 4 MIMO channel with four traonsmit and

receive nniennas
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the physical paths partitioning into angulary
resolvable bins and aggrepated to form resolvable
paths whose channel goins are Ha Assuming
that ai of the physical patbs is independant.
Then, we used equations {3)-(6) 1o find channel
mutnx for array domain und (10)-112) to find
chunnel matrix for angle domain.

C. Elgen bewmtforming technique

We used the chunnel matrix B from army
domuin provessing. Consider o MIMO channel
with &, N, channel matrix H that is known
10 both the transmitter and the receiver, the
singular value can be found by using SVD
technigue in MATLAB programming. We can
obtain its singular value decomposition (SVD)
i

H = USA® (13)

Where &, N, moirix U ond the ¥, N,
mutnx V are unitary moirices, Sis on N, N,
dingonal motria, So. the cupacity of MIMO
system s prvien by

r .
> = di L
C=log, '(l”'+PpN,ss] (13

L R R L g

» 3

Practical realization using Butler
Matrix

Figure 3 shows a block dingrom of
Butler matrix {Liberti and Rappuport. 1999)
which is upplied for the concept of unple
dontuin processing for 4 4 MIMO systems.
The fixed beantforming mutrix is bi-direction,
which meuans that each port corresponds to
particulor received ns well as iransmitted
signals from the same radiation pattem,

it is clearly shown that the weight
vectars corresponding 1o each port in Table |
are mutually orthogonal, Therefore, instead of
using ( 10) and (11), the basis vector of npplying
Butler matrix can be written by the following:
{16)

P ]
B, =

A1-01 N )
And

R, -  kJ-0)1.,N,-1 un

Figure 4 shows a configuration of
manufoctured Builer matrix. The dimensions
in Butler matrix can be calculated from

transmission line theory. The manufoctured

A S R A PR

Figure 2. An example of with different angle spreads at the transmitter and receiver
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product s slso confirmed by measuring inter-
element phasing and beam direction which are
shown in Table 2. In Tohle 2. the distibutions
of all inter-element phasing are similnr 10
conceptual Butler matrix but they are slightly
deviated by 2 10 degree. Howéver. the beam
direction is devisted by just only 0.6 degree.

Figure 5. illustrates the beam direction of
applying Butler matria 1o both transminer und
receiver. I is interesting 1o see that the concept
of angle domnin processing is successfully
schieved by simply adding Buller matrices
neat 1o mitenny elentents. Then. the chunnel
matrix realized by Butler matrix can be
writlen as:

H := B HR,

(18)

A
N

AP Yyl
Eyuple

4

Pat Paa3

Forid Yo d

Figure 3. A Block diagram of Butler matrix

Where B, and B, ure the unilary matrices
whose columns are the basis vector in four
direction Yor transmitter and receiver nnd H
is channel matrix of swe N, N, 10 get array
domain. Thus: the capacity of MIMO systems
when applying Butlor mutrix is given by

I“ Iy 3
C-lngziltl(]’,'-} ¢ ll’ll”‘) (19

TN,

Measurement

Figure 6 shows a blvck diagram of
meusurement sel up for 4 4 MIMO system.
The network:annlyzer s used for measurement
channel coefficients in magnitude and phase,
The power amplifier { PA) is used st tmnsmitier
to provide more transmitted power. Low noise

Figure 4. Configoration of manufactored
Butler matrix

Table 1. Element phasing, beam direction and inter-clement phasing for the Butler
matrix shown in Figure 3 (Canceptual)

Besas Inters
e Elgel  E2¢s2) K3 (&) E4 (J=d) T L
Whoectn:  p i
Port ) 1k =) 45 - I8 4y i 386 -1
Port 2 th =2} 1 45 Yyl 138 (T8 3 B
Port X ¢4 =3 -1y ey -45 18 e 48
Purt 4 tk =4 20 45 R A% a4 1360
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smplifier tLNA) is used at receiver W increase
received signal level. The chanhel measurements
sre undertaken by five times ot each location
{Promsuvanys snd Eihansokul, 2008). In ench
focation two modes of MIMQ operation.

conventonal arriy und sngle domain processings:

are measured. The Butler matrices ore inserted
st both wransmitter and recciver when measuring
MIMO channels with angle domnin processing,

Figure 7 shows measurement scenarios.
We chose a large room to provide various les)
conditions. The location of inmsmitter b fixed
us shown in Figure 7 with rectangulur symbol.
There nre five measured locations for receiver

Figore 5. INustration of applying Butler
matrix for $x4 MIMO systems

shown by circulur symbol in Figure 7. 1t is
easy 1o measure both arruy domain processing
and angle domain processing by using
switches presented in Figure 6. The measured
results achieved by neiwork nnulyzer nre used
as u channel response in MIMO system. Also
seen in Fig. 6. npant from Butler matrix. sll
components of army and angle dombuin ore the
same.. Therefore. the measured channels can
be directly compared 1o esch other as presented
in the next section.

Resulis and Discassions

A. Simulation Resufts

The simulations are undertnken by
MATLAB programming and the capacity
results nre evoluated by using (7). (15) ond
{19). For array domain processing approach,
the channel mutnx R is found by assumptions
in (4). 15) und {6), For optimum gigen-
beamfprming spproach, the chonsiel matrix H
in (31 is wiitized. For anple domain pocessing
approach reslized by Butler matrix, the
chonnel motrix H”® is colculated from basis
vectors in Table | resulting in (16) and (17,
The chonnel fading envirorments are simukited
by chunging the conditions of sngle spreads
at transmitter and receiver. Four ¢ases are

l_-

Juter Mata

Figure 6. Block diagram of measurement set np



79

Suranarce J, Sci Toehnob Vol

T No. 3 July -Sepr 201 7

considered ay (3) 60 sprend sl tronsmitter and
3607 spread st recciver, denoted as 60-364) {ii)
60° spread ot transmitter and 60° spread o1
receiver, denoted as 360-60 (ii1) 60~ spread m
transmitier and 60" spresd or receiver, denoted
as 60-60 (iv) 360" spread atl transmitter und
3607 spread ot receiver. denoted as 360-360.,
Note that cuse (lii) s equivalem 1o line of
sight scenario while cuse (iv}) is eguivalent 1o
Riyleigh fading channel.

In Figure 8, the capacity compurison
between 4 4 MIMO systems with array
domain processing, angle domuin processing
and eigen-beamformin technijue is presented.

The results indicate that 1o use anple domain
processing realized by Butler matrix can
tmprove the channel capacity for any fading
conditions. The mnge of copacity enhancement
is from 5 10 1) B depending on charncteristic
of fadings. However, the optimum eigen-
beamforming technique offers a better
performunce thon angle domain processing,

B. Meusurement resuity

The channel ntarix H and H” is found
by measured datn from network analyzer. The
channel foding environments are messured by
changing the locations of receiver. Five lacations

Table 2. Element phasing. beam direction and inter-clement phasing for the Buller
matrix shown in Figure 4 (Manufacinred)

Beam Inter-
) Elen Kb EMRh Bdesh et
L Phusing
Port ) k=1 155 28 ik {3 13% Lxr
Port 2 k=) Rl -1 17t 137 oS- (%20
Purt 3 ik =3) (§15 R K w 420 L
Port & ¢k =) R “or Ay 174 4 13K
Tm
— LA 1
ISR T A VORI
0 g "'1":"6::"{ H
VU P B S S S Ly

m

O Trarmirisr
» Mesviver

Figure 7. Mecasurement scenarias
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are considered in Figure 7. We also balieve
that the mismatches among RF circuits in
transmit’receive components and mutual
coupling effects are included in the mensured
channel, The simulstions are undertaken by
utilizing meoasured data into MATLAB
programming and the capacity resulls are
evaluated by using (7). (15) and (19).

Figure 9 shows comparison belween
array and sngle domuin channels of 424
MIMOD systems at logation 5, where H,, s
referred 1o.the chonnel coefficient ol ith reéceive
sntenna ond jth transmit antenny, It con be

[l
A o] o
R P’

P i [ et S
i e el LI [y
v vy . .
PR St ond 3 —] P
R DO - Faad o A o
- . e R -
o s pge o ®
Ry Lok e e - .
" b ] * Szm
i, | “" e
‘_,r r_r_’o"F
Ab‘t""
,’.‘r"’ §.\, -
35 Asse beusn
-~
i v 4 1) w =

Figure 8. Average capacity (bits/s/Hz) vs.
SNR (dB) for 4 conditions of

observed thut channels of array domain
processing und angle domain processing ure
quite differant. The amplitude devintion is
about 5 dB und the phase deviation is sbout
#100°. These deviations are dominant to the
capacity performance of MIMO system. For
other locations. the deviations of amplitude
and phose nre similar to locastion 3.

in Figure 10, the averdge copucity by
averaging overall Jocations versus signal to
poise ratio (SNR) is presented. The results
indicnte that to use the'angle domain processing
realized by Butler mbntrix offers belter
performance than urray domain processing,
However, the best perfornance is achieved by
the optimum gigen-heamforming 1echnique.
In order 1o justify the results, the numeric
values of overige capacity 3t SNR = 10 dB
ure piven in Table 3. 11 is noticed that the
benefit of sngle domain processing is more
pronounced ot location. | and 5. The reason is
that these locations are close to wall and there
ara many surrounding furnitura providing
more multipath. However, the improvement of
MIMO capacity can be observed from all
locations with a little expense of inserting
Butler mstrices ot beth iransmitter and

angle pread, At= 4r =05 receiver.
- Ba < : ha,
] 2 »i
) * .| e
I - ] i
S e E By
o - :
») - - - -
m e w® A = E) . » ) ™ »N ] E Y
T s i
} o) Hu * o3 wHn gy o [
I - i L
= 20, Yos 4 " ™~
N w @ ¥ A e v ® W % A s W
-. Hr »2 | Ay oe by e - - T
)
| o) ve
vl .o - - ) - "7 JQ
a E e AT m e M oA ST m e RN = o= =
Enptodnids

Figure 9. Mensured 4 3 MIMO channcls of array domain procesxing snd angle domain
processing {Butler matrix), at lacation 5
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in Table 3, result comparisons between
array domain processing. angle dommn
processing and eigen-beamforming technique.
The complexity of eigen-benmforming can be
reduced by using the propose system. However,

S ey e
» — M B
1 Do n
! - -
3
4
P "
g -
3. .
i :
o - i
® v
S
sxvi- iy
% ) - » Eg f
Lase )

Figure 10, Average capacity (bitws/Hz) vs.
SNR (dB) at ench location

the capucity of propose system is 8.74 bite'siHe
tower than the eigen-beamforming sechnique.
This is the tradeoff between using bath
rechniques in which the MIMO designers
have w realize.

Conclusions

This nrticle presents Lhe performance of
MIMO systems-using angle domnin processing
realized by Butler matrix. The simulation
result reveals thot the proposed system
outperforms the conventional arrny domyin
processing for every fading case. And then.
this paper verifiex the benefit of using angle
domain processing for 4 4 MIMO syviems by
messured results. The angle domam processing
renlized by Butler matrix is implemented and
compared with aray domain processing. The
results reveal that the mngle dommain processing

Table 3. Average capacity at over all locations for SNR=10dB

Averape cupacity (bitws/hn
Locating Angle damain iy
Array domuin (Butler mutrix) Eigen beamforming
1 K72 10,12 1a93
2 841 £.52 1472
3 [ X)) LY 1512
4 6.88 137 1898
3 .57 .03 1,62

Table4. Result comparisons between array domain processing, angle damain processing
{Butler matrix)and cigen-heamlorming technigue

Angit domain
Pmeesing Arruy domain (Butler matsix) Eigen bamforming
Complexity in processing Neme Nane Additional SVD technique
Camplexity in feedback Neme Neme Additional alpnrithns far
feedback channel
Complexity 1 bariware Nane Additional hutler matrix None
Averape capacity 82 X74 L4038

thits/Hzy at SNR=10 4B
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outperforms the conventional array domain
processing for all fading locations. Hence. the
proposed system is nttraclive to be practically
implemented on MIMO systems due to its
ense and low complexity,
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Abstract-This paper aims to present the benefit of using a
Botler matrix for MIMO systems employing angle domain
processing instead of array domain processimg. By applyimg
Batier matrix, the concept of angle domain processng cam be
realized in practice and it still takes. 2 full advantage of multiple
antennas. The different scemarios of 2 fading MIMO
environments are examined The simslation results on channel
capacity ipdicate that the angle domain processing with Butlsr
matriz outperforms the conventional array domaim processing.
Also the proposed system is attractive to DO implementation
dae to its Jow cost and complexity.

Index tevms- MIMO capacity, Angulr spread, Butler matrix,
Angle domain processing, Array domain processing.

1.  INTRODUXTION

In the research area of MIMO: systems, many works have
been proposed to enhance the channel capacity in order to
satisfy the user demand for high data rate applications [1}-{4].
Some studies have heen focused on theoretical works and some
we performed by measurements. Nevenheless, most of them
develop the technigue enhancing channel capacity through
channel behavior [5)-{7). It can be noticed that the genwsal
consideration of channel capacity is based on the array
anmtennas at both transmitter and receiver but the channel
behavior is considered by many angle parameters such as angle
of arvival. angle of depanure and angle spread. Therefore, it is
interesting o investigate the performance of MIMO systems
using angle domain processing instead of conventional amay
domain.  Recently, the authors in [9] develop the channel
estimation of MIMO-OFDM system basad on angle domain
consideration. The applicability of angle domain technique is
dependent on the channel stochastic information available to
the receiver. The design of suitable pilots is proposed by
facilitating the direct implementation of angle domain and
analyzing the performances of different channel estimation
techniques, Although the significant improvement op MIMO
capacity can be expected by using angle domain processing
but. so far in [iterature. there is no work to illustrate the
capacity benefit of using angle domain processing. The reason
is that the pre and post coding schemes of angle domain
transformations increase the complexity on both transmitter
and receiver. Henoe, it challenges to find the technigue with
low cost and complexity matching with the concept of angle
domain processing.

In this paper, the sdvantage of using angle domain instead of
array domain processing is presemted. Also the low profile
concept of angle domain processing which is convenient for
implementztion is proposed by using Butler mamix. This

§78-1-4244-3382-9:09:$25 .00 {2009 IEEE

matrix simultanecusly forms multple beams into fowr
directions. By only insering Butler mairix before anteana
array, the conventonal MIMO systems can be transformed imto
the MIMO sy:ztems with angle domain processing without the
need of additional burden on processing umits at both
mansmitter and receiver. Also itis low cost, nncomphcated and
2asy to implemen: so the proposed system is attractive to be
used in practice.

The paper is organized as follows. In section II, the details of
botlx srray domain and angle domain are described. Then, the
feanure of Butlez matrix to apply for anzle domain processing
is givean in secrien I Sactiom IV provides the simmlation
results of angle domain realized by Butler matrix in comparing
with copventional amvdmam.fualiymsxm\ the
coaclusion of this paper is given.

. MDJMO SYSTEMS MODEL

A Array domain

This section details the amsy domnain represeatation of
MDIMO systems. Let x be a vector of the transmitred signals
with ¥, ransmirted antennas and y be a vector of the recerved
gignals with N, received amtennas. Then the relation between
transmitted and received signals is given by

v=Hx+n m
where B is an (V,«<1) noise vector and H is an (¥, =M)

channe! mamrix. With this notation channel output sequence czn
be written in matrix form as:

Y hv.! h\z e hn; g-l n -i
):: - kg, hy, g‘: + s @
Vs, h.v.l h.»,: hv,&. '.x"« .

Figl shown the angle domain represeptation of MIMO
systems. There is an arbitary number of physical paths
berween the mansmitter and receiver [8]; the 7th path having
srtenuation of a,, makes an angle of ¢, {01, = 08 g, Jwith the
transmit anmnmyandanmgleof¢ ( O =cosg with
the receive antenna arrazy. The chanmel mamix H can be
WTitten 3s:
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Fig.1 Angle-domain reg of MIMO chamnal with fonr
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H=3 a'e (9,)(0Q,) o)
where A
2, |
q':qJN,Mupf = J &
- i -
—j(2rA
LRL - e K_ A} )
 exp|- (¥, D278, M)}
And
9 1 A
exp|-jCm, Q) )

) ;:7.1.,.,.

| expl -V, - Dm0

Also, d, is the distance between tramsmit and receive
antermas along path fth The vector o ((2jand e, (2) are,
respectively, the transmitted and peceived wmit spatial
signatures along the direction ) , 4, is the wavelength of the
center frequency in the whole signal bandwidth. A, ts the
normalized transmit antenna separation and A, 15 the
normalized receive antenna separation. When Channel State
Information (CSI) is pot available at the transminer, the
capacity of MIMO systems [11] expressed in bits per second
per hertz (bps Hz) can be written as

R . ™
C=log; det(ly' + PN HH ]
where I, is the idenfity matrix of size N,»N,, H 25 the
chanpel matix of size N,»N, with H being its wanspose
conjugate, and P, gives the aversge Signal-to-Noise Ratio
(SNR) per receiver brach independemt of the number of
tansmitting antennas N,

B Angle domain

The concept of angle domain can be represented by the
wansaurted and received signals. The signal amiving at a
directional cosine €) omto the Teceive antenna amay iz along
the unit spatial siznature ¢ () given by (5). Hence. zhe ¥,
fixed vector is given by

N,-1

L

In (8). it can be noticed that there is a set of orthonormal basis
for the received simmal space. This basis provides the
representation of received signals in the angnlar domain.

It is sumilarty defined for the sngular domain representstion
of the wansmitted signal. The signal transmitred at direction
is aloag the unit vector e, (£2), defined 1n {6).The .V, fixed vector
is given by

£ {',m),e,(-;j).m.,e(

) ®

5 { L. .(“T"); ©®

where [ = NA ad 7 -y  are the normalized aprenna
array lengths of the transenitter and recerver [9], respectively.
Let U, and U, be the umitary mamices whose columns are the
basis vector 1 {8} and (D), respectively. can be wrnitten as:

A
G = lyexp{ J_JH' ki Nl 6
And
.1 —j2xH i
L,:T\'.np{ 2 ; Kl=01.,N -1 (D

‘We caa gansforam the array domain into the angle domain by

H* =UHU, 12
Thus, the capacity of MIMO systems given by
C=lo det[II +—P'——H‘H" \ (13)
SRR, /

,

where I, is the identity matrix of size N, <N, H* is the
channe] matmix of size N, =N, .
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Fiz 2 A block diagram of Butler Matrix [10]

I PRACTICAL REALZATION USING BUTLER MATRIX

Fig.2 shows 2 block diagram of Butler matrix [10] which is
spplied for the concept of angle domain processing for 4-4
MIMO systemns. The fixed beamfornying matrix is bi-direction.
which means that each pont corresponding to 3 particular
received as well as transmitted signals from the same radiation
pattem.

It is easily shown that the weight vectors comesponding to
each port in TABLE I are nmtually orthogonsl Therefore,
mstesd of using (10) and (11), the basis vector of applying
Butler matrix can be written by the following:

B,=¢™

ki=01--.N,~1 (14

And
B,=¢ % (1%
Fig. 3 illustrares the beam direction of spplying Buzler mamix
to both ransmitrer snd receiver. It is interesting to see that the
concept of angle domain processing is successfully achieved
by simply sdding Butler matrix before sntenna elements. Thea
the channel mawix reslized by Butler mawmix, can be written as.

E1=01--. N, -1

H' = B HB, (16

where B, and B, be the unitary matrices whose colamns are
the basis vector in four direcion for mensmirtter and receiver
and H 15 channel matnix of size N, xN, to get array domain.
Thus. the capacity of MIMO systems when applying Bufler
matmix is given by

P -
H'H' j
P¥,

C=log, detf I, + an

matrix thown i Fig. 2.

TABLE]
Elamant phasing, bean: dirsction, and iner-slament phasing for the Butier

6, j 31 E2 B Ed Boam Inter-Eleownt
& (= (=2 =| {1=9)| Dovctica Phaung
Porz | ” . i
k=) 43~ | -180* | 4% | B0 1386 -13%
=y | O ¥ 8¢ | 3F | 10 -45
Port 3
<133 ] 43 %y -
*=3) 135 | ¢ s 753
Part 4 " 2 "
*=9 50" | 45 | <180 | 45 4.9 135
..':.,(:
ot
1384%,

Figd Aa ilustation of spplying Baties Magix for 42+ MDMO systems.

IV. RESULTS AND DISCUSSIONS

The simulations are undertzken by MATLAS programming
and the capacity results are evaluated by wsing (7) and (17).
For array domain approach, the channel mamix (H) is found by
assumphions in (4), (5) and (6). For angle domain approach
realized by Butler matrix, it can find channel matrix (g% fom
basis vector in Table I resulting in {14) and (15). The channel
fading environments are simnlated by changing the conditions
of angle spreads at transmitter and receiver. Four cases are
considered 2s (i) &0° spread at transmitter, 360" spread at
receiver, (ii} 360" spread at transmitter, 60" spread at receiver,
{iii) 60” spread st transmirter, 60° spread at receiver, (iv) 360"
spread st trancmitter, 3607 spraad at receiver. Nots thae cate (if)
is equivalent to line of sight scenario and case (iv) is equivalent
to Rayleigh fading channel

Fiz4 shows the capacity versus inter-element spacing for
SNR = 10dB. The results indicate that to uwse angle domsin
processing realized by Butler matrix can improve the channel
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capacity for any fading conditions. This is also confirmed by
the outage czpacity shown in Fig. 5 that the distribution of all
angle domain is higher than array domasin.

In Figd, the cspacity comparison berween 4x4 MIMO
systems with angle domain processing amay domain
processing and SISO systern is presented. The MIMO systems
offer better performance than SISO system and the best
performance is achieved by angle domain processing.

V. CONCLUSION

This paper presents the performance of MIMO systems
using sngle domain processing realized by Butler matix. The
result reveals that the proposed system owtperforms the
conventional amray domain processing for every fading cases.

Capmcty (Mwntes
Fig3 OCunga Capacizy for SNR = 10 dB.
It is atwactive to apply Butler matix for angular consideration
on MIMO systems because of its low cost and easy to
implement.
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Abwract — I this paper, the ver fication of usieg angle
donwin processiag for Multipie Daput Muli ple Output (MIMO)
system i preswnted. This paper propeses the comce pt of angle
dormin processing by applying 8 Butler matrix into 434 MIMO
sytems. A buder matrix s the most attractive technigee for
comtrscting angle dommin due to s v coit and eay ta
mplenvent. The measured resuls are ocompared with
oomventional  MIMO system s caflled a3 array domain
procesing. The capacity performunce indicates that the angle
dormin procesing realited by Butler matsis sutperforms the
cmvention s systens.

Index Terms - MEMO capacity, Array domasn processieg,
Angde Sunmin procewing, Butler matrix.

I ENTRODUCTION

In the rescarch anca of MIMO systoms, many works heve
been proposad 10 emhance the chanmel capacity in order to
satisfy the aser demand for high «data rate applications. Some
stdies have been focused o hooretical works and sorme are
perfonmed by measuremonts. In general, most of them still
devdop the technigue enhaxing channel capacity through
chammal behavior [1]-{3]. It can be noticed that the commaon
considention of channel capacity is based on the wmy
antennss at bodh transmiitter and receiver. However, the
channel behavior is considered by many angle parameters
such as ang le of amival, angle of departure and angle spread
[4]. Therefore, it ia interesting to investigate the performance
of MIMO systems wsing angle domain processing inswad of
omentional army domamn. Rocently, the authoss in | 3]
develop the channel estmation of MIMO-OFDM sysem
hasad on angle domain consideration. The spplicabi ity of
angle domain tochnigue is depondemt on the channd
stochastic information awailable to the rcener. Although the
significan improvement an MIMO capacity can be expected
by wsing angle domain processing bwt, 30 far in literaore,
there is no work © ilhastrate the capacity benefit of wsing
agle domain processing. The reason is that the pre and post
wding schemes of angle domain transfrmations increase the
complexity on both transmitter and recerver. Hemce, it
challenges w0 find the tec hnigue with low cost and complexity
maiching with the concept of angle domain processing.

From simulation result, the authorn investigte the
advantage of using angle domain insead of amay domain
processng and repored m [6]. However, anly simulation
results <ann ¢4 <laim the wse of proposcd system. [n this pspo,
low  profile concept of anglk domain  processing s
anveniently implemented. By only insarting Buler mavrics

978-14244-2802-1.09/325.00 €2009 [EEE )

before amray at and receiver, the 4+ 4
MIMQ system can perform as angle doman processing so
the channel matricesis able to be measured. Then the channel
capacity is cakulated by wilwing he measured data In
addition, the capaciy companson botween amay domain
processing and angle domain processing are given in this
paper.

The paper is arganized x follows. In section II, the daaik
of both array domain and angle domain are described Then,
the feature of Buder muatrix to apply For angle domain is
given in section I Section IV and WV provides the

and simulation results of angle dom ain realizad
by Butle matrix in comparing with conventional amray
domain. Finally in section VI, the conchusion of this paper is
given

IL MIMO SYSTIM MODEL

A. drray domain processing

The army domain processing represent of MINK) systems.
Lot x be a wector of the transmitted signads with A
ransmitted antennas ad y be 2 voctor of the rocevod signals
with ¥ roceivad anennas. Then the mlaion between
transm itted and reocived signals is given by

y=Hx+n th

Where m is an (W x1) poise vector and H & an (N X}
channel matnx. With this motation channel cutput sequerce
canbe written in matrix form as:

» ‘i Ao By By { x, )
Yy i h, Rk, £

]
D
()
(T}

+

F : H ") H

"i'.J ",\iu Lo ".u,n-‘, "":J l”*j

The angle domain represent of MIMO systems. There is an
arbitrary number of physical paths between the transmitier
and recciver [4 ] e ith path having agenuation of a, makes
an sngle of & ({), = cos @ Jwith the transmit antenna army
and an mngle of @ (Q :=<osg ) with he receive antenm
amay. The channd matrix H can be written as:

~
Rl
PR

il
X
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Fig 1. A coafigurstion of Buther ma vix.
= Za"'c'(ﬂﬁ)c‘(ﬂ. ¥ e}
Whare o P
‘{: :a ‘VI‘VP “‘4—.’_, (4]
Vo4
i I
expi- H2x4, ()
c,v(_ﬂ)::vl‘T ol ﬂ: l &
exp|-j(N, -1}2xA )
N ot em
: 1
exp|-H#2x, () .
!,4Q)7=75_:,— P[ ,‘: ] )
| exp[-AN, -1x2m8,0)]|

Alzo, s the distamnoe betworn have boen ransmit and
receive antennas along  path fh. The vectarg, { () and €, (2}
arc. respedtively, the trasmittod and received vnit spatial
signatures slong the direction (), A is the wavelength of the
center frequency i the whole signal bandwidih. + is the
pormalized tranxmit antenna scparation and ¢ is the
normalized reccive antenna scparation. When Channel State
Information (CSD s not availsble at the trensmituer, the
capacity of MIMO systems expressad in bits per seoond per
heatr (bps’Hz) <an be written as
; N

E o)
(,':log;del(l,.'+ MR &

xd '1 4

Where I is the iden tity marrie of size ¥ >N, H iz the channel
watrix of size N, <N with H being its trans pose conjugate,
and P, gives the nverage Signal-o-Noise Ratio (SNR) per
reiver brxh independent of fye mumber of tRramitting
aemas Y,

TABLE!
ELE MENT PHASING AND INTER FLEMENT PHASIEG FORTHE
BUTLER MATRIX SHOW TN FIG]
EY | E2 | E3 | B4 | inter
o, =0 1 d=0 | ¢=% | #=4) | Element
i Phas!ng
Pt s |aswr | 45 | o0 | -1am
A ,‘":':)2 ¢ | a5 | o | 35| 4
Port 3 X
aey | 35| 00 | 45 | o e
Portd , .
b -0 45 -180" 45" 135

B. Angle domain processing

The concept of anghe domain can be represontad by the
ransmitted and racencad signals. ot Uand U, be the unitary
matrices whose columns are the basis vector 4], We can
transform e amay domain into the angle domain by

H® = U HL, )

Thus, the: aspacity of MEMO systems given by

C = log, dd;{l, + ’3, H°H” o
v

NI,

I PRACT AL REALIZATION USTNG BUTLER MATRIX

Fig.l shows configumton of Butle matx which is
applied for the comcept of angle domain processing For x4
MINMKC systems. The dimensions in Butler matrix is simply
cakulated From transmiscion line theary, The fixed beam
forming matrix & bi-dirsction, which mean that sach port
corresponding 1o a particular received as well 38 transmitned
sign alx from the sarne radiation pattern.

It is casily shown that the weight vecton corresponding o
cach port in Table | is munally orthogonal. Thercfore, the
basis veetor of applying Butler marix can be writen by the
folloming:

B, e s

A=D1 N, -1 {1,

And

B,=2"™ R J-01.. N, I {n

It is interesting to sce that the concopt of anghe domain
processing is successfully achieved by simply adding Buder
matrix before antenna army clements. Then, the chanpel
matnx realized by Buter mamx can e written as:

H*:=BUB, a
Where B, and B, be the unitary matric es whose colunns are
the basis vector i four direction for receiver and transmirer
and H isa channel matnix of size ¥ A to get army donsain,

2173
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Thus, the capxeity of MIMO systems when applying Butler
matnix is given by

£
C =log, detj by -
g { x‘+Pa~:

n*u*‘J 03

V. MEASURPMENT

Fig.2 shows a block diagram of measwrement sct up for
4#4 MIMO system. 1t is clearly seen that the angle domain
processing can be implemented by just inserting the Butler
matrix on both transmitter and receiver. The network
analyzer is used for measurement channel coefficients in
magnitude and phase. The power amplifier (PA) is used at
transmitter 10 provide more transmittod power. Low noise
amplifier {LNA) is used at receiver to increase received
signal level. The channel measurements are undertaken by
five times at cach location.

Fig.3 shows measuremen scenarios. We choose a large
room 1o provide many test locations. The location of
tramsmitter is fixad as shown in Fig.3 with rectangular
point There are five measured locations for reociver shown

by circular point in Fig.3. It is casy to measure both army
domain processing and angle domain processing by using
switches  prosented in Fig2, The measwred results
achieved by network malyzer e used as a chmnel
response in MIMO system. Also seen in Fig.2, apart from
Butler matrix, all components of anay and angle domain
are the same. Therefore, the measured channels can be
directly compared to cach otha as presented in the next
soction.

V. RESULT AND DISCUSSIONS

The simulations are undertaken by wtlizing measured
data into MATLAB programming and the capacity results
are cvaluated by using (7) and (13). The channel matrix H
and H* ae found by measured data from network analyzer,
The channcl fading environments are measured by changing
the locations of reociver. Five locations are oonsidered in
Fig.3. We also a d that, the mi chos g RF
cironits  in tansmitreccive components  and  mumal
coupling effects are includad in the measured channel.

In Fig.4 shows comparison of amray and angle domain
channels of 4x4 MIMO systems at location 5, whore }l‘ is
referred to the channcl cocfficicnt at th reocive anenna and
Ah transmit antenna. [t can be observed hat channels of
armay domain processing and angle domain processing are
quite difforent. The amplitude deviation is about £5 dB and
the phase deviation is about +100°. These deviations are
dominant to the capacity performance of MIMO system,
For other locations, the deviations of amplitude and phase
are similar to location S,

In Fig.5, the average capacity versus signal 1 noise ratio
{SNR) at each location i presentod. The rosults indicate
that 10 use the angle domain processing realized by Butler
matrix  offers better performance than  army  domain
processing. [n order to justify the results, the numeric
values of average capacity at SNR = 10 4B are given in
Table H.
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[t is noticod that the benefit of angle domain processing is
more pronounced at location 1 and 5. The reason is that
these locations are close to wall and there are many
surrounding furniture providing mere multipath. However,
the improvement of MIMO capaeity can be observed fron

all vativns,

V1. CONCLLSBION

This paper verifies the benefit of using angle doman
processing for 4x4 MIMO systems by measured results.
The angle domain procossing realized by Butler marrix is
implementod and compared with armay domain processing,
The rosults reveal that the angle domain processing
outperforms the conventional arrsy domain processing for
all fading locations. Hence, the proposed system is
atractive to practically implement on MIMO systems due
1o 1ts case and low complexity.

JABLE Il

AVERAGE CAPACITY COMPARISONS BETWEEN ARRAY
DOMAIN AND ANGLE DOMAIN FOR SNR = 10

Location Average capacity {bits/sMz)
Array domain | Angle domain {(Butler)
1 872 10.12
2 843 852
3 646 665
4 688 737
5 10.57 11.03
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