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APINYA INNOK : MIMO CAPACITY ENHANCEMENT USING ANGLE
DOMAIN PROCESSING. THESIS ADVISOR : ASST. PROF. PEERAPONG

UTHANSAKUL, Ph.D., 104 PP.

MIMO CAPACITY/ANGLE DOMAIN PROCESSING/BUTLER MATRIX

MIMO system is based on the array antennas at both transmitter and receiver.
The capacity of MIMO system increases as the number of antenna pairs between
receiver and transmitter increases. Normally, the channel matrix is considered by
array domain processing. However, the channel matrix includes main angular factors
such as angle of incidents and reflections due to environment. Therefore, it’s
interesting to investigate the performance of MIMO systems using the angle domain
processing in comparing with the array domain processing. The simulation results
reveal that the angle domain outperforms the array domain. Also this thesis verifies
the concept of angle domain in practice by applying Butler matrix. The advantage of
the Butler matrix is to convert array domain to angle domain by just inserting Butler
matrix right after array antennas. Thus, the output signals achieved by the proposed
system become the angle domain in practice. It’s attractive to practically use such a
system because it’s easy to implement, uncomplicated and low cost. In addition, this
thesis carries out the measured channels to investigate the MIMO capacity using angle
domain in comparing with the array domain. The results confirm that the angle

domain realized by Butler matrix outperforms the conventional array domain.
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3)  ANUTeIdgINIMINIAMIBIazANUYTeIdNANNAULIUAAY e
(Outage capacity and truncated channel inversion)
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32 szuvlalaiiugeuanuauay (Narrowband MIMO Model)
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(Parallel decomposition of MIMO channel)
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34 anvgresdyanaduszuululay (MIMO channel capacity)
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-49 dB/29° -39 dB/-124° -35dB/21° -35 dB/-57"
-39 dB/53° -40 dB/32° -40 dB/41° -42 dB/35°
-46 dB/-60° -43 dB/41° -49 dB/2° -46 dB/-11°
-30 dB/20° -37 dB/-140° -41 dB/43° -39 dB/19°

aeunagatazila yanadeun 1 (Mslszuianalamuunidid)

-38 dB/-148° -34 dB/-97" -31dB/171° -30 dB/72°
-28 dB/-148° -30 dB/166° -31 dB/83° -40 dB/-13°
-33 dB/-60" -27 dB/-153° -29 dB/98° -31 dB/45°
-28 dB/-143° -32 dB/125° -39 dB/116° -37dB/72°

awpunagauazila yanageun 1 (Mstlszurana lamumam)

-60 dB/-55" -48 dB/-130° -53 dB/-70° -59 dB/-94°
-53 dB/-92° -49 dB/-118° -48 dB/-49° -55 dB/-176°
-58 dB/-80° -48 dB/-135" -52 dB/-74° -56 dB/-81°
-59 dB/-113° -51 dB/-95° -54 dB/-69° -52 dB/-60°

Aueunagatazila yanadeun 2 (Mslszuianalamuunidid)

-62 dB/8" -55 dB/34° -55 dB/142° -61 dB/134°
-60 dB/108° -50 dB/-197° -50 dB/146° -61 dB/-174°
-62 dB/171° -48 dB/66° -52dB/116° -59 dB/94°
-62 dB/135° -52 dB/62° -58 dB/-155" -55dB/-171°

aueunagauazila yanageun 2 (Mstlszurana lamuiaywy)
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-62 dB/-62° -63 dB/-63" -63 dB/-63" -63 dB/-63"
-60 dB/-60" -61 dB/-61° -61 dB/-61° -61 dB/-61°
-61 dB/-61° -49 dB/-49° -61 dB/-61° -62 dB/-62°
-62 dB/62° -62 dB/-62° -63 dB/-63° -64 dB/-64°

Aeunagauazla yanageun 3 (Mslszutana lamuuaId1d)

-60 dB/172° -61 dB/36" -61dB/7° -60 dB/-47"
-60 dB/75° -60 dB/-151° -59 dB/138° -58 dB/92°
-55dB/122° -48 dB/108° -53 dB/124° -60 dB/117°
-61 dB/39° -61 dB/-169° -63 dB/-151° -64 dB/51°

aupunagatazila yanaaeun 3 (Mstlszurana lamudamy)

-59 dB/-15° -47 dB/7° -55dB/-11° -58 dB/22°
-50 dB/15° -44 dB/26° -43 dB/-6° -53 dB/47°
-51 dB/-13° -43 dB/23° -43 dB/17° -52 dB/22°
-59 dB/56° -53 dB/8° -53 dB/-18° -57 dB/-114°

aeunagaazila yanadeun 4 (Mslszuianalamuunidid)

-60 dB/143° -56 dB/116° -55 dB/129° -59 dB/-145°
-57 dB/174° -48 dB/140° -58 dB/-175° -55 dB/-150°
-57 dB/164° -46 dB/118° -53 dB/-169° -61 dB/146°
-62 dB/157° -59 dB/143° -53 dB/168° -59 dB/168°

aeunagauazila yanaaeun 4 (Mstszurana lamuiaywy)
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-63 dB/-106" -61 dB/-103° -62 dB/66" -62 dB/96"
-64 dB/176° -62 dB/-64° -60 dB/156° -60 dB/50°
-66 dB/-58° -62 dB/59° -66 dB/15° -63 dB/-78°
-63 dB/-164° -64 dB/102° -66 dB/-158° -64 dB/84°

Aeunagauazla yanageun 5 (Mslszutana lamuuaIdd)

-61 dB/-73" -59 dB/168° -61 dB/17° -61 dB/160°
-62 dB/-32° -60 dB/-153° -59 dB/95° -58 dB/-36"
-63 dB/116° -62 dB/-171° -61 dB/92° -63 dB/145°
-61 dB/25° -62 dB/-149° -63 dB/-12° -63 dB/78°

aupunagauazila yanaaeun 5 (Mstlszurana lamudam)

A Y 1 o a 9
woudasaingduvuInarldegluguuus 1 uruBIsou 910 Acosd + isin 0) = A+Bi
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o ldudaseglugdunwuning oz ldmsndvosdygruns 5 yanadon
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Tamsilszurana Tawuunrdwunazmsdszuana lamudayy sosdyapaannsoagy1d

9

3971
(1.70+0.97i) x10~ (-1.80-2.60i) x10~ (7.40+2.80i) x10~ (4.30-6.70i) x10~
(1.90+2.50i) x10” (2.10+1.30i) x10° (1.90+1.60i) x10° (1.30+0.90i) x10”
(0.30-0.50i) 10~ (0.95+0.80i) x10” (0.30+0.01i) x10~ (0.60-0.10i) x10”~
(23.00+8.601) x10°  (-3.80-3.20i) x10” (1.50+1.40i) x10~ (3.00+1.00i) x10”

a LR [ { o w
ININFVOITYYIU i]ﬂ‘l/lﬂﬁﬂ‘ﬂﬁ 1 (miﬂs:mawaimuuummﬂu)



79

(-3.40-2.10i) x10~ (-1.20-9.90i) x10~ (-19.70+3.100) x10°  (7.80+23.90i) x10~
(-33.70-21.10) x10”°  (-24.40+6.10i) x10°  (24.30+19.80i) x10” (2.40-0.60i) x10~
(6.30-10.601) x10”°  (-44.70-22.80i) x10°  (-4.40+31.30) x10~  (14.00+14.00i) x10”

(-32.00-24.01) x10°  (-9.00+13.00i) x10” (-1.40+2.80i) x10~ (1.50+4.80i) x10~

a d [ { a
ININFVOITYY U i]‘m/lﬂﬁﬂ‘ﬂﬁ 1 (miﬂszmawaimuuwmu)

(1.40-2.10) x10"  (-26.00-31.00) x10"  (4.30-12.00i) x10™ (-0.20-3.20i) x10™
(-0.40-13.00i) x10"  (-15.00-28.00i) x10™  (26.00-30.00i) x10"  (-7.90-0.60i) x10”*
(0.70-3.90i) x10™ (-28.00-28.00i) x10*  (4.40-15.00i) x10" (0.90-6.20i) x10™

(-1.20-2.90i) x10™ (-1.70-20.00i) x10™ (3.60-9.30i) x10™ (7.90-14.00i) x10™

a d [ { o w
ININFVOITYYIU i]ﬂ‘l/lﬂﬁﬂ‘ﬂﬁ 2 (miﬂs:mawaimuuummﬂu)

(1.60+0.20i) x10™ (6.60+4.40i) x10™ (-6.30+4.90i) x10™ (-1.40+1.40i) x10™
(-0.80+2.40i) 10" (-24.00+7.30i) x10"  (-21.00+14.00i) x10"  (-2.00-0.20i) x10"
(-1.60+0.30) 10" (16.00+36.00)) x10"  (-6.90+14.00i)) x10*  (-0.20+3.20i) x10™

(-1.10+1.10)) x10™"  (7.40+14.00i) x10™ (-3.60-1.70i) x10™ (-7.80-1.20i) x10™

a LR [ { a
ININFVOITY YU i]‘m/lﬂﬁﬂ‘ﬂﬁ 2 (miﬂszmawaimuuwmu)

(1.30+0.90i) x10™ (1.20+0.30i) x10™ (1.20+0.40i) x10™ (0.80-0.90i) x10™
(-2.50+0.20i) x10™ (2.00+0.40i) x10™ (-0.50-1.90i) x10™ (1.80-0.80i) x10™
(-0.70-1.90i) x10*  (-24.00+20.00i) x10"  (-0.90-1.80i) x10™ (0.50-1.50i) x10™

(-1.30-0.90i) x10™ (-1.50+0.60i) x10™ (-1.20-0.50i) x10™ (-0.90-0.50i) x10™

a LR o { o w
WNINGFRITyRIN ganaaaun 3 (Msszurana lamunnddia)
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(-2.50+0.30i) x10™ (1.60+1.10i) x10™ (2.00+0.20i) x10™ (1.70-1.80i) x10™
(0.70+2.40i) x10™ (-2.20-1.20i) x10™ (-2.40+2.10i) x10™ (-0.10+4.00i) x10™
(-4.2046.701) x10™"  (-12.00+38.00)) x10"  (-7.00+10.00i) x10™  (-1.10+2.20i) x10™

(1.60+1.30i) x10™ (-2.00-0.40i) x10™ (-1.10-0.60i) x10™ (0.60-0.80i) x10™

a d [ { a
ININFVOITYY U i]‘m/lﬂﬁﬂ‘ﬂﬁ 3 (miﬂszmawaimuuwmu)

(3.10-0.80i) 10" (-22.00+45.00i) x10"  (7.80-1.50i) x10" (3.70+1.50i) x10™
(24.00+6.501) 10" (89.00+44.00i) x10"  (125.00-13.00i) x10"  (8.60+9.20i) x10™
(19.40-4.501) x10"  (116.00+49.00i) x10™  (120.40+37.80i) x10"  (14.70+5.90i) x10™

(1.80+2.60i) x10™ (12.50+1.80i) x10™ (12.00-3.90i) x10™ (-2.10-4.60i) x10™

a d [ { o w
ININFVOITYYIU i]ﬂ‘l/lﬂﬁﬂ‘ﬂﬁ 4 (miﬂs:mawaimuuummﬂu)

(-2.00+1.50) x10™ (-2.80+5.70i) x10™ (-5.00+6.20i) x10™ (-2.60-1.80i) x10™
(-5.00+0.50i) x10™  (-30.00+26.00i) x10"  (-4.00-0.30i) x10" (-6.90-4.00i) x10™
(-4.80+1.40) 10" (-29.60-55.701) x10"  (-12.40-2.40i) x10"  (-1.70+1.10i) x10™

(-1.50+0.60i) x10™ (-2.20+2.30) x10™ (-12.30+2.60i) x10"  (-3.10+0.70i) x10™

a LR [ { a
ININFVOITY YU i]‘m/lﬂﬁﬂ‘ﬂﬁ 4 (miﬂszmawaimuuwmu)

(-0.40-1.20i) x10™ (-0.50-1.90i) x10™ (0.60+1.50i) x10™ (-0.17+1.60i) x10™
(-1.00+0.07i) x10™ (0.70-1.40i) x10™ (-2.30+10i) x10™ (1.60+1.90i) x10™
(0.30-0.50i) x10™ (0.80+1.40i) x10™ (0.60+0.16i) x10™ (0.26-1.23i) x10™

(-1.20-0.35i) x10™ (-0.20+0.98i) x10™ (-0.59-0.24i) x10™ (0.10-0.99i) x10™

a LR o { o w
WNINEFRIdyIN ganaaaun 5 (Msszurana lamunnddiai)
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(0.58-1.90i) x10™ (-3.10+0.66i) x10™ (1.90+0.58i) x10™ (-1.87+0.68i) x10™
(1.34-0.84i) x10™ (-2.20-1.14i) x10™ (-0.28+3.15i) x10™ (3.20-2.34i) x10™
(-0.60+1.13i) x10™ (-1.56-0.251) x10™ (-0.07+2.00i) x10™ (-1.00+0.72i) x10™

(1.80+0.84i) x10™ (-1.40-0.82i) x10™ (1.23-0.26i) x10™ (0.26+1.23i) x10™

a AR o { a
ININYVOITYYIU ﬂﬂ“l/l@ﬁ’f)‘ﬂﬁ 5 (mﬁﬂszmawaiﬂmuwmn)
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30
~ —< ~ location 1 (Array)
—=e— Jocation 1 (Butler)
251 ,
~ 7% - location 2 (Array)
—+H— location 2 (Butler)
20F |~ > = location 3 (Array)

—<+— location 3 (Butler)
location 4 (Array)
location 4 (Butler)

~ 1~ location 5 (Array)

Average Capacity (bits/s/Hz)
[
T

10 —*— location 5 (Butler)

SNR (dB)

20 25

u

Tundazganiimsiana

719 5.35 angresd e ufusas @ IUT Y VR Y IUTUNIU

M0 5.2 ndaaundsanuyroIdgaa luunazyaiiinsiana 1o SNR = 10 dB

2 ANUNAGANNYFOIT YY1 (bits/s/Hz)
Wun . -
TamunIaa Tamudayy (nmes wn3ns)
1 8.72 10.12
2 8.43 8.52
3 6.46 6.65
4 6.88 7.37
5 10.57 11.03
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Abstract-This paper aims to present the benefit of using a
Butler matrix for MIMO systems employing angle domain
processing instead of array domain processing. By applying
Butler matrix, the concept of angle domain processing can be
realized in practice and it still takes a full advantage of multiple
antenmas. The different scenarios of a fading MIMO
envir are ined. The simulati results on channel
capacity indicate that the angle domain processing with Butler
matrix outperforms the 1 array processing.
Also the proposed system is attractive to MIMO implementation
due to its low cost and complexity.

Index terms-MIMO capacity, Angular spread, Butler matrix,
Angle domain processing, Array domain processing,

[.  INTRODUCTION

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 been focused on theoretical works and some
are performed by measurements. Nevertheless, most of them
develop the technique enhancing  channel capacity through
channel behavior [5]-[7]. It can be noticed that the general
consideration of channel capacity is based on the array
antennas at both transmitter and receiver but the channel
behavior is considered by many angle parameters such as angle
of arrival, angle of departure and angle spread. Therefore, it is
interesting to investigate the performance of MIMO systems
using angle domain processing instead of conventional array
domain.  Recently, the authors in [9] develop the channel
estimation of MIMO-OFDM system based 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 on MIMO
capacity can be expected by using angle domain processing
but, so far in literature, 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. Hence, it challenges to find the technique with
low cost and complexity matching with the concept of angle
domain processing.

In this paper, the advantage of using angle domain instead of
array domain processing is presented. Also the low profile
coneept of angle domain processing which is convenient for
implementation is proposed by using Butler matrix. This

978-1-4244-3388-9/09/§25.00 ©2009 IEEE
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matrix simultaneously forms multiple beams into four
directions. By only inserting Butler matrix before antenna
array, the conventional MIMO systems can be transformed into
the MIMO systems with angle domain processing without the
need of additional burden on processing units at both
transmitter and receiver. Also it is low cost, uncomplicated and
easy to implement so the proposed system is attractive to be
used in practice.

The paper is organized as follows. In section 11, the details of
both array domain and angle domain are described. Then, the
feature of Butler matrix to apply for angle domain processing
is given in section III. Section IV provides the simulation
results of angle domain realized by Butler matrix in comparing
with conventional array domain. Finally in section V, the
conclusion of this paper is given.

I, MIMO sysTEMS MODEL

A Arvay domain

This section details the array domain representation of
MIMO systems. Let x be a vector of the transmitted signals
with N; transmitted antennas and y be a vector of the received
signals with N, received antennas. Then the relation between
transmitted and received signals is given by

y=Hx+n (O]

where n is an (N.#1) noise vector and H is an (N =A})
channel matrix. With this notation channel output sequence can
be written in matrix form as;

wl (B R o A Tx][n
_'P-._,_ - II., h}) o h.’.-A', Y 2 4 H., (2)
Yy, h-'\',l hr-‘, 2 hr.', i _xi‘-': Ay,

Fig.1 shown the angle domain representation of MIMO
systems. There is an arbitrary number of physical paths
between the transmitter and receiver [8]; the ith path having
attenuation of a,, makes an angle of ¢, (€2, = cos ¢, )with the
transmit antenna array and an angle of (f)n(ﬂn =cos ¢, Jwith

the receive antenna array. The channel matrix H can be
written as:
30, 2000 8t 0308 om IEEE Xplcea. Rastnctions apply
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Receiver

Transmitter

Fig.1 Angle-domain representation of MIMO channel with four ransanit
and receive antennas.

H=3 dle(Q,)e,(Q,) (3
where
& =a NN, “‘P( J_MJ o
A
1
oxp |- (20, Q)
e, (()): ﬁ x| ;f J (5)
exp[-J(V, - D(2m, Q)|
And
- 1 -
1| exp[-jemQ) ©)
Q)= )
‘-',( ) JV,
| exp[—j, ~1)(2m )] |

Also, d is the distance between transmit and receive
antennas along path ith. The vector e (€2)and e (£2) are,
respectively, the transmitted and received unit spatial
signatures along the direcion ¢ . P.,: 1s the wavelength of the
center frequency in the whole signal bandwidth. A, is the
normalized transmit antenna separation and A, is the
normalized receive antenna separation. When Channel State
Information (CS1) is not available at the transmitter, the
capacity of MIMO systems [11] expressed in bits per second
per hertz (bps/Hz) can be written as

P
C=log, det I, +—=
2, [1., PN

N T

Ilil'] M

where 1, is the identity matrix of size N.=N,, H is the
charmel matrix of size N,*N, with H™ being its transpose
comjugate, and P, gives the average Signal-to-Noise Ratio
(SNR) per receiver branch independent of the number of
transmitting antennas A,

B Angle domain

The concept of angle domain can be represented by the
transmitted and received signals. The signal armving at a
directional cosine € onto the receive antenna array is along
the unit spatial signature ¢ (€Q) given by (5). Hence, the N,
fixed vector is given by

1 N -1
£ {e,w),e,f.z), ,e(T)} (8

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

It is similarly defined for the angular domain representation
of the transmitted signal. The signal transmitted at direction Q2
is along the unit vectore, (€2), defined in (6). The N, fixed vector
is given by

1 N -1
o ¢ 4]
7k {erfULP.-(L—‘), .8 B )} )

where f, = N A, and [, = nNA, are the normalized antenna
array lengths of the transmitter and receiver [9], respectively.
Let U,and U, be the untary matrices whose columns are the
basis vector in (8) and (9), respectively, can be written as:

— j2rki

1
' JAT."""[ N,

u ] kI=01__N,-1. (10)

And

(_
o expL J"’”] ki=01._.N -1 (D

N N,
We can transform the array domain into the angle domain by
0= UHU, (12)
Thus, the capacity of MIMO systems given by

P N
C =log, det| 1, +——H"H* (13)
= [ " P.’."V.-

s

where I, 1s the identity matrix of size N.=N,, g is the
channel matrix of size N.= N .

Autharized licensed use limited to: Suranaree University of Technology. Downloaded on June 30, 2008 at 03: 0B from IEEE ¥plore. Restrictions apply
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Fig. 2 & block diagram of Butler Matrix [10]

I PRACTICAL REALIZATION USING BUTLER MATRIX

Fig.2 shows a block diagram of Butler matrix [10] which is
applied for the concept of angle domain processing for 4x4
MIMO systems. The fixed beamforming matrix is bi-direction,
which means that each port comresponding to a particular
received as well as transmitted signals from the same radiation
pattem.

It is easily shown that the weight vectors corresponding to
each port in TABLE I are mutually orthogonal. Therefore,
nstead of using (10) and (11), the basis vector of applying
Butler matrix can be written by the following:

B, =e’™ ki=01-,N -1 (14)

B, =% g l=001--,4-1 (13)

Fig. 3 illustrates the beam direction of applying Butler matrix
to both transmitter and receiver. It is interesting to see that the
concept of angle domain processing is successfully achieved
by simply adding Butler matrix before antenna elements. Then,
the channel matrix realized by Butler matrix, can be written as:

H® =B'HB, (16)

where B, and B, be the unitary matrices whose columns are
the basis vector in four direction for transmitter and receiver
and H is channel matrix of size I, xJ] to get array domain.
Thus, the capacity of MIMO systems when applying Butler
matrix iz given by

B
C =log, det| I, +—1
22 ( LYY

N

HZ’H“J a7

TABLEI
Element phasing, beam direction, and iner-element phasing for the Butler
matrix shown in Fig. 2

& El E2 E3 E4 Bsam Inter-Element
A d=1| ¢=2) ¢=3| (=4) Direction Phasing
2::11) -45* | 180t | 450 -90* 138.6" -135°
(1:(0322‘) o 45 30" | -135° 104.5% 45"
(1:::33) -1350 | 50° 45" 0° 5.9¢ 45°
(I:Co:::) -90° 45 | -180° | -45° 41.4° 135°

Fig.3 An illustration of applying Butler Matriz for x4 MIMO systems.

IV. RESULTS AND DISCUSSIONS

The simulations are undertaken by MATLAB programming
and the capacity results are evaluated by using (7) and (17).
For array domain approach, the channel mairix (H) is found by
assumptions in (4), {(3) and (6). For angle domain approach
realized by Butler matrix, it can find channel matrix (g% from
basis vector in Table I resulting in {(14) and (15). The channel
fading environments are simulated by changing the conditions
of angle spreads at transmitter and receiver. Four cases are
considered as (i) 60° spread at transmitter, 360° spread at
receiver, (i) 360° spread at transmitter, 60° spread at receiver,
(iii) 60° spread at transmitter, 60° spread at receiver, (iv) 360°
spread at transmitter, 360° spread at receiver. Note that case (iii)
is equivalent to line of zight scenario and case (iv) iz equivalent
to Rayleigh fading channel.

Fig.d shows the capacity versus inter-element spacing for
SNR = 10dB. The results indicate that to use angle domain
processing realized by Butler matrix can improve the channel

Authorized licensed use limited to: Suranaree University of Technology, Downloaded on June 30, 2008 &t 03:08 from [EEE Xplore. Restrictions apply
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capacity for any fading conditions. This is also confirmed by
the outage capacity shown in Fig. 5 that the distribution of all
angle domain is higher than array domain.

In Fig.6, the capacity comparison between 4x4 MIMO
systems with angle domain processing, array domain
processing and SISO system 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 angle domain processing realized by Butler matrix. The
result reveals that the proposed system outperforms the
conventional array domain processing for every fading cases.

Artay domain ?

o,

Outags Capasity

02+ 4 ¢
. L 1 L P | L e

) [ 7 [ ] 10 n 12 13 14
C apacity (hitw/7Hz)

Fig.5 Outage Capacity for SNR = 10 dB

It is attractive to apply Butler matrix for angular consideration
on MIMO systems because of its low cost and easy to
implement.
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Abstract In this paper, the verification of using angle

i ing for Multiple Input Multiple Output (MIMO}
system is presented. This paper proposes the concept of angle
domain processing by applying a Butler matrix into 4x4 MIMO
systems. A butler matrix is the most attractive technique for
constructing angle domain due to its low cost and easy to
implement. The measured results are compared with
conventional MIMO system so called as array domain
processing. The capacity performance indicates that the angle
domain processing realized by Butler matrix outperforms the
conventional system.

Index Terms MIMO capacity, Array domain processing,
Angle domain processing, Butler matrix.

L INTRODUCTION

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. Some
studies have been focused on theoretical works and some are
performed by measurements. In general, most of them still
develop the technig hancing channel capacity through
channel behavior [1]-[3]. It can be noticed that the common
consideration of channel capacity is based on the array
antennas at both transmitter and receiver. However, the
channel behavior is considered by many angle parameters
such as angle of arrival, angle of departure and angle spread
[4]. Therefore, it is interesting to investigate the performance
of MIMO systems using angle domain processing instead of
conventional array domain. Recently, the authors in [3]
develop the channel estimation of MIMO-OFDM system
based on angle domain consideration. The applicability of
angle domain technique is dependent on the channel
stochastic information available to the receiver, Although the
significant improvement on MIMO capacity can be expected
by using angle domain processing but, so far in literature,
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. Hence, it
challenges to find the technique with low cost and complexity
matching with the concept of angle domain processing.

From simulation result, the authors investigate the
advantage of using angle domain instead of array domain
processing and reported in [6]. However, only simulation
results cannot claim the use of proposed system. [n this paper,
low profile concept of angle domain processing is
conveniently implemented. By only inserting Butler matrices

Authorized licensed use imited to; Uni of Technol D

before antenna array at transmitter and receiver, the 4x4
MIMO system can perform as angle domain processing so
the channel matrices is able to be measured. Then the channel
capacity is caleulated by utilizing the measwred data. In
addition, the capacity comparison between amray domain
processing and angle domain processing are given in this
paper.

The paper is organized as follows. In section II, the details
of both array domain and angle domain are described. Then.
the feature of Butler matrix to apply for angle domain is
given in section [I[ Section IV and V provides the
measurement and simulation results of angle domain realized
by Butler matrix in comparing with conventional array
domain. Finally in section VI, the conclusion of this paper is
given.

1. MIMO S¥STEM MODEL

A. Array domain processing

The array domain processing represent of MIMO systems,
Let x be a vector of the transmitted signals with N,
transmitted antennas and v be a vector of the received signals
with N received antennas. Then the relation between
transmitted and received signals is given by

y=Hx+n (1
Where n is an (N x1) noise vector and H is an (N, #N)

channel matrix. With this notation channel output sequence
can be written in matrix form as:

b byl e by x n
Y| by he ooy | ;| T @
P, by By o By ¥ ny,

The angle domain represent of MIMO systems. There is an
arbitrary number of physical paths between the transmitter
and receiver [4]; the ith path having attenuation of a. makes
an angle of g.’l” (Qr‘_ =cos¢, ywith the transmit antenna armay
and an angle of @ (€ = cos@,) with the receive antenna
array, The channel matrix H can be written as:
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Fig. 1. A configumation of Butler matrix.
H= D aie,(Q,)e(Q,) 3
Where o
L E’q’[j—x] @
- ; }
exnl— i(2 ¥
() = exp| J(: m )] -
(N, —1)(22A 2
And _E:Kp[ N, = 1) ,Q_j]_
1
ool (A O
e,m):T‘ exp| J(: Q) ®
exp [NV, — D2 L))

Also, d is the distance between have been transmit and
receiveantennas along  path ifh. The vectore, () and ¢, (£2)
are, respectively, the transmitted and received unit spatial
signatures along the direction €3, A, is the wavelength of the
center frequency in the whole signal bandwidth. < is the
normalized transmit separation and ¢ is the
normalized receive separation. When Channel State
Information (CSI) is not ilable at the t itter, the
capacity of MIMO systems expressed in bits per second per
hertz (bps/Hz) can be written as

(.':]ngldel[lﬁ e < III['] ™
\ " BN,

WhereI,, is the identity matrix of size N =N, H is the channel

matrix of size N =N with H being its transpose conjugate,

and P, gives the average Signal-to-Noise Ratio (SNR) per

receiver branch independent of the number of transmitting

antennas N,

TABLE1
ELEMENT PHASING AND INTER-ELEMENT PHASING POR THE
BUTLER MATRIX SHOW IN FIG.1

E1 Ez | E3 | E4 Inter-
g g=1 | @=2 | @=3 | ¢=4 | Element
i Phasing
Ty | a5 | s | a5 | 00 | wes
Port 2
ey | o | 45 | a0 | a8 45
Port 3 . '
hen | -188° | T | a5 o 45 |
f):"_'t;]" o | 45 | -180° | -48° 135 |

B. Angle domain processing

The concept of angle domain can be represented by the
transmitted and received signals. Let U and U be the unitary
matrices whose columns are the basis vector [4]. We can
transform the array domain info the angle domain by

H* = U HU, (8)

Thus, the capacity of MIMO systems given by

C—]ug,det[lﬂl £ e ®
. Y BN,

N

1. PRACTICAL REALIZATION USING BUTLER MATRIX

Fig.l shows configuration of Butler matrix which is
applied for the concept of angle demain processing for 424
MIMO systems. The dimensions in Butler matrix is simply
calculated from fr: ission line theory. The fixed beam
forming matrix is bi-direction, which mean that each port
corresponding to a particular received as well as transmitted
signals from the same radiation pattern.

It is easily shown that the weight vectors corresponding (o
cach port in Table 1 is mutually orthogonal, Therefore, the
basis vector of applying Butler matrix can be written by the
following:

B = kl=0]1--,N -1 (10)

And
B,=¢ % k=01, N1 an

It is interesting to see that the concept of angle domain
processing is successfully achieved by simply adding Butler
matrix befors antenna array elements. Then, the channel
matrix realized by Butler matrix can be written as:

H':=B'HB, (12)
Where B, and B, be the unitary matrices whose columns are

the basis vector in four direction for receiver and transmitter
and H is a channel matrix of size N <N to get array domain.
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Fig. 2. A block diagram of measurement setup.
LA by circular point in Fig.3. It is easy to measure both array

I —— V2 | I ——
I T
(a0t ol

CHAMBER ROOM

Fig.3. Measurement scenarios.

Thus, the capacity of MIMO systems when applying Butler
matrix is given by

P .
C=log, det| I, + — H‘H’ 13
g [Ny PN, 13)

w
IV. MEASUREMENT

Fig.2 shows a block diagram of measurement set up for
4x4 MIMO system. Tt 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 to provide more transmitted power. Low noise
amplifier (LNA) is used at receiver to increase received
signal level. The channel measurements are undertaken by
five times at each location.

Fig.3 shows measurement scenarios. We choose a large
room to provide many test locations. The location of
transmitter is fixed as shown in Fig.3 with rectangular
point. There are five measured locations for receiver shown

domain processing and angle domain processing by using
switches presented in Fig.2. The measured results
achieved by network analyzer are used as a channel
respense in MIMO system. Also seen in Fig.2, apart from
Butler matrix, all components of amray and angle domain
are the same. Therefore, the measured channels can be
directly compared to each other as presented in the next
section.

V. RESULT AND DISCUSSIONS

The simulations are undertaken by utilizing measured
data mto MATLAB programming and the capacity results
are evaluated by using (7) and (13). The channel matrix H
and H' are found by measured data from network analyzer.
The channel fading environments are measured by changing
the locations of receiver. Five locations are considered in
Fig.3. We also assumed that, the mismatches among RF
circuits i transmit/receive components and mmutual
coupling effects are included in the measured channel.

In Fig4 shows comparison of array and angle domain
channels of 4x4 MIMO systems at location 5, where H, 1s
referred to the channel coefficient at th receive antenna and
;th transmit antenna. It can be observed that channels of
array domain processing and angle domain processing are
quite different 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 5.

In Fig.5, the average capacity versus signal to noise ratio
(SNR) at each location is presented. The results indicate
that to use the angle domain processing realized by Butler
matrix offers better performance than array domain
processing. In order to justify the results, the numeric
values of average capacity at SNR 10 dB are given in
TableII.
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Fig. 4. Mi 14 x4 MIMO ¢l Is of array domain processing and angle domain processing (Butler niatrix), at location 5.
Tocation 1 (Amay) TABLE IL
| | T okt | sty AVERAGE CAPACITY COMPARISONS BETWEEN ARRAY
- tocston? Bt Ak ____ DOMAIN AND ANGLE DOMAIN FOR SNR = 10_
- location 3 (Aray) A Location | Average capac siHz
= B | ——location 3 (Bute) : | Array domain | Angle domain (Butler)
3 sk a 1 872 ~ 1042 '
aton A . e
-3 location 5 (Aray) oo : - 43 8.52
g —+— location 5 (Butler) 8 3 46 6.65
3 e 6.88 737
'D 1 L5 | 1057 11.03
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