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Capacity Analysis of MIMO-WLAN Systems with Single
Co-Channel Interference

In this paper, channel capacity of multiple-input multipletput wireless local area network (MIMO-WLAN)
systems with single co-channel interference (CCl) is dated. A ray-tracing approach is used to calculate the
channel frequency response, which is further used to aketihe corresponding channel capacity. The ability to
combat CCI for the MIMO-WLAN simple uniform linear array () and polarization diversity array (PDA) are
investigated. Also the effects caused by two antenna afoaydesired system and CCl are quantified. Numerical
results show that MIMO-PDA is better than those of MIMO-ULAwen interference is present.
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Analiza kapaciteta MIMO WLAN sustava s jednom istokanalnominterferencijom. U ovom radu je izréu-
nat kapacitet kanala bé&fie lokalne rdunalne mreZe s viSe ulaza i viSe izlaza te jednom istokanalmterfer-
encijom. Pristup preenja zrake je koriSten za pré@wn frekvencijskog odziva kanala iz kojega je potom dobiven
njegov kapacitet. Za svladavanje istokanalne interféjemze viSe-ulazno viSe-izlaznu bénu lokalnu r&unalnu
mreZu istraZzena je mognost koriStenja jednostavnog jednoliko rasgi@mog polja i polja s polarizacijskom ra-
zlicitosti. Takater su kvantificirani efekti prouzg®ni dvama poljima antena za razmatrani sustav i istokanaln
interferencijom. Numedki rezultati pokazuju kako je polje s polarizacijskom iéitbsti bolji izbor od jednoliko
rasporélenog polja, uz prisutnu interferenciju.

Klju Ene rijeCi: viSe-ulazno viSe-izlazna béfria lokalna réunalna mreza, istokanalna interferencija, pristup
pracenja zrake, kapacitet kanala

1 INTRODUCTION established the IEEE 802.11ad task group to develop an

o .amendment for the 60 GHz WLAN systems.
In recent years there has been a growing interest i . \vireless communication systems, two main

the development of potentially mass-producible applicayqrces of performance degradation are the thermal noise

tion systems using millimeter waves, such as W'relesf)resent in the channel or generated in the receiver and un-
LAN (local area _networks) systems [1]. To developanieq signals emanating from the same or nearby sta-
millimeter-wave er_eless LAN syst(_em_s, however, we nee_d[ions. CCl is one of the unwanted signals and it appears
to know the reflection and transmission characteristics iy ,a 1 frequency reuse in wireless channels. CCI reduc-
millimeter-wave bands so that we can evaluate indoor mulgon has been studied and used in a very limited form in

tipath propagation characteristics and the interactidns Qyjreless networks [4]-[6]. The use of directional antennas
millimeter waves with various objects. and antenna arrays has long been recognized as an effective
This paper addresses basic issues regarding the wireechnique for reducing CCI, since the differentiation be-
less LAN systems that operate in the 60 GHz band asween the spatial signatures of the desired signal and CCl
part of the fourth-generation (chmetcnvUnitNamegSourcesignals can be exploited to reduce the interference when
Value4HasSpaceFalseNegativeFalseNumberTypel TCSCRdIG)le antennas are used.
system [2]. The 60 GHz band provides 7 GHz of un- In a classical large cellular system, due to several in-
licensed spectrum with a potential to develop wirelesgerferers in different co-channel cells, the CCls can be as-
communication systems with multi Gbps throughput. Thesumed as statistical random variables. Most studies have
IEEE 802.11 standard committee [3], one of the majobeen based on this assumption of CCI in MIMO sys-
organizations in WLAN specifications development,tems [7]-[9]. However, this assumption is not suitable for
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MIMO-WLAN systems for the following reasons. First, in If channel state information (CSl) is known at both trans-
a small personal communication system (such as WLANNitting side and receiving side, the processing operations
systems), CCIl is probably caused by a few signals fronV and U, can be expressed &5 and U*, respectively.
adjacent rooms. Second, the use of adaptive antennas ahlden, equation (2) can be rewritten as follows:

intelligent channel assignment techniques make the case of o a

a large number of CCls less probable. Y =DXa+8X;+ W ©)

In this paper channel capacity of multiple-input whereS = U*H; denotes aV, x N; equivalent chan-
multiple-output ultra-wide band (MIMO-WLAN) systems nel matrix for the interferencéV. = U*W is still a zero
with single CCl is calculated at the 60GHz band. Sim-mean additive white Gaussian noise vector.
ple uniform linear array and polarization diversity arrag a Channel capacity of the system with full CSI can be
applied to the desired system and the CCI respectively texpressed as follows:

observe the effects caused by the two antenna arrays. The N,
remainder of this paper is organized as follows. In Section»NB _ p Z 1o 1+ Pae X Aa

L . - 2 N,
2, system description and channel modeling are presented. = Zy;l (PW X sgyy) + P .
Several numerical results are given in Section 3. Section 4 (4)
concludes the paper. wheref and B are the frequency index and the bandwidth

of the system, respectivelyy, , is the power of desired
2 SYSTEM DESCRIPTION AND CHANNEL MOD- signal transmitted into the-th sub-channelp, . is the
ELING power of zero mean additive white Gaussian noise in the
z-th sub-channelp; , is the power transmitted by theth
interference antenna,, is the channel power gain of the
A time-invariant narrowband MIMO system with CCI z-th sub-channel for the desired signﬁ,y is the squared

2.1 System description

can be described as follows: value of the matrixS corresponding to the-th row and
they-th column, andV,,, is defined asnin(N;, N,.). If the
Y = HaXq + HiX; + W (1) transmitter of the desired signal has excited each separate

channel with equal power, and each interference antenna

whereY, X4, X; andW denote théV,. x 1 received signal . . ;
vector, theN; x 1 desired transmitted signal vector, the has also excited with equal power by the transmitter of the

N; x 1 interference signal vector and thé x 1 zero mean interference signal, equation (4) can be rewritten as
additive white Gaussian noise vector at the symbol time, N Li w A,
respectively. In (1)Hyg is the N,. x N, channel matrix CHP = BZIOgg (1 + 5 ]{,V’” > ) (5)
for the desired signal, and the elemeny, of the channel z=1 N 2y 55y + Poe
matrix Hq denotes the complex channel gain from $he  \where P, and P, are the total transmitting powers of the
th transmitting antenna to theth receiving antenndl; is  desired signal and the interference signal, respectively.
the IV, x N; channel matrix for interference signal, and the  The equation can be modified further by the following
elementh,; of the channel matrit; denotes the complex steps. First, the right term both in numerator and denomi-
channel gain from theth interference antenna to theth  nator inside the parentheses is divided by the noise power
receiving antenna. P, ., and the equation can be rewritten as follows:

A matrix representation of the system is shown in Fig- N P,
ure 1. In this figure, the desired signal can be fed into nB _ Bilo 14 N X Pra Ax
several uncorrelated sub-channels by SVD (Singular Value ~/ = B2 N_XP;D Z;Vil s2,4+1
Decomposition) of the channel matrBgand the corre- e ’ (6)
sponding signal processing [4], [S]. However, the signalrhen, p; is multiplied by £, and the equation can be
processing and SVD is useless for the interference signglewritten again as follows: a
since the interference channel mafix is unknown to the

receiver. As a result, the received signal can be expressed , Jm ﬁ X Ag
as follows: CFP=B) log 1+ PPy N 2 1
r=1 N; X Py 5 X Py Zyzl Sl',y +
Y = 0(UDV" VX4 + UHX; + OW  (2) _ _ @)
Finally, the equation can be organized as follows:
whereU andV* are theN,. x N,. andN; x N, unitary ma- N

m SNRt
trices,D is aN,. x N, rectangular matrix whose diagonal C}VB - B Zlogz 1+ N Az
elements are non-negative real values and other elements = SNRXISR S~ Ni g2 4 g

S
. A ) . . . y=1"zy
are zero,V andU are linear signal processing operation. (8)
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Fig. 1. A matrix representation of MIMO-NB system with sinGICl

where SNRtdenotes the ratio of the total transmitting determined. By summing all contributions of these im-
power of the desired signal to noise power of the receiveages, we can obtain the total received field at the RX. In
and/SR is the ratio of the total transmitting power of the real environment, external noise in the channel propaga-
interference signal to that of the desired signal. Note thation has been considered. The depolarization yielded by
ISR = 1is considered through this paper to assume thamultiple reflections, refraction and first order diffractiis

the total transmitting power of desire also taken into account in our simulations. Note that the
_ different values of dielectric constant and conductivity o
2.2 Channel modelling materials for different frequency are carefully considere

The shooting and bouncing ray/image (SBR/Imagejn channel modeling.

[10-32] method can deal with high frequency radio wave Using ray-tracing approaches to predict channel char-
propagation in the complex indoor environments [33],acteristic is effective and fast, and the approaches ape als
[34]. It conceptually assumes that many triangular rayusually applied to MIMO channel modeling in recent years
tubes are shot from the transmitting antenna (TX), and35], [36]. Thus, a ray-tracing channel model is developed
each ray tube, bouncing and penetrating in the envirorto calculate wanted channel matrix of MIMO-WLAN sys-
ments is traced in the indoor multi-path channel. If thetem. Flow chart of the ray-tracing process is shown in Fig-
receiving antenna (RX) is within a ray tube, the ray tubeure 2. It conceptually assumes that many triangular ray
will have contributions to the received field at the RX, tubes (not rays) are shot from a transmitter. Here the tri-
and the corresponding equivalent source (image) can bengular ray tubes whose vertexes are on a sphere are de-
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termined by the following method. First, we construct anTable 1. Dielectric properties of concrete materials mea-
icosahedron which is made of 20 identical equilateral triansured at 60 GHz

gles. Then, each triangle of the icosahedron is tessellateduaTERIALS Te'aﬂ"e Permittiv-
. . . . | y
into a Ipt of smaller equnateral triangles. Finally, these Real | Tmaginary | Conductivity | Tan1oss
small triangles are projected on to the sphere and each ray = =7 p tan{o]
tube whose vertexes are determined by the small equilgt-Concrete 6.4954 | 0.4284 1.43 6.6
eral triangle is constructed [37]. For each ray tube boung- (Ceiling, Walls, 1072
Partition,
— Ground)
Wood 15 | 0.09 3107 6102
(Wooden
Arguments setting DOOI’S, Wood
) Tables)
Y
aystm\ Yes
empty frequency response can be obtained as following [39]
N

No

v
Shoot a ray tube from

NP
H(f)=> ap(f)e’V) 9)
p=1

the ray stack

wherep is the path index}V,, is the number of pathg, is
the frequency of sinusoidal wave,(f) is thep-th phase

onsiderin|

N, or

pen diffraction
- > shift anda, (f) is the p-th receiving magnitude. Note
that the channel frequency response of WLAN systems
over the can be calculated by equation (9) in the frequency range
o of WLAN for both desired signal and interference signal.
No
ND CaIct}Iating Calculating‘ diffraction 3 NUMERICAL RESULTS
contributions of the ray| contributions . . .
Ve Layout of a small personal communication environ-
Calculating refiected ment is shown in Figure 3. In the figure, dimensions of
and penetrated ray Synthesizing all the two rooms are both.5 m (length)x 4.0 m (width) x
tubes contributions [ 2.5 m (height), and the partition with dimensions®2 m
(thickness)x 4.0 m (width) x 2.5 m (height) is between
Put the new ray tubes the two rooms. Materials of the ceiling, the walls, the par-

into the ray stack ﬁh‘ o

tition and the ground are all concrete block. Furthermore,
some furniture is in the rooms, including wooden doors,
wood tables and iron cabinets. Sizes of the wooden table
and the iron cabinet are5 m (length) x 0.5 m (width),
ing and penetrating in the environments, we check whethegng neights of the wooden table and the iron cabinet are
reflection times and penetration_ times of the_ ray tube ar¢ m and2 m respectively. The dielectric constant and con-
larger than the numbers of maximum reflectidp.; and  gyctivity of the different materials can be refered in [40]-

maximum penetratiotV,c.,, _respective.ly.. If they are not, [43]. The dielectric constant and conductivity of the diffe
we check whether the receiver falls within the reflected rayant materials are shown in Table 1.

tube. If they are, the contribution of the ray tube to the re- : . .
ceiver can be attributed to an equivalent source (i.e. image _Thle 5t rrz;nsmfeg Zf r?1ezlr:gdthstlag?rzln|§rzii?rgﬁn2ter2"er-
source). In other words, a specular ray going to receivef P Z =

exists in this tube and this ray can be thought as launched °© signal located at = 3.2m,y = 1.5m, z = 1.2m

. ' : are placed in Room1 and Room2, respectively. Moreover,
from an image source. Moreover, the field diffracted from L
. . . . . . 236 receiving antennas are located on the four wooden ta-
illuminated wedges of the objects in the environment i

calculated by uniform theory of diffraction (UTD) [38]. "bles in Room1 \.N'th equal d|st_ance(€nf1 m. The antennas
i . ) L . of both transmitter and receiver belong to vertically po-
Since the contribution of double diffraction is so small in

the analysis, we only take single diffraction into consider larization and omni-directional dipole antenna for SISO.
S ' The elements for the ULA and PDA antennas are dipole
ation in the paper.

antenna. The elements for the ULA are with simple omni-
By using these images and received fields, the channelirectional radiation pattern and vertically polarizedwr+

Fig. 2. Flow chart of the ray-tracing process
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Fig. 3. Layout of a small personal communication environimen

thermore, two different antenna arrays, simple uniform lin Fig. 5. The average capacities of WLAN systems calcu-
ear array (ULA) and polarization diversity array (PDA), lated from 236 receiving locations for both MIMO-ULA
are considered as shown in Figure 4(a) and Figure 4(b) reand MIMO-PDA with and without single CCI are shown
spectively. in Figure 5. It is seen that the capacities without single

While the largest wavelength s = ¢/ f; = 0.005 m,  CCI for simple uniform linear array MIMO (MIMO-ULA)
where the speed of light, is 3 x 10% m/s and the inter- are larger than that for polarization diversity array MIMO
element separation, = 0.0025 m, is chosen to achieve (MIMO-PDA). Thisis due to the fact that MIMO-ULA ex-
low spatial correlation. Note that strict time stationarit hibits approximately equal sub-channel power gain. How-
is maintained by ensuring complete physical isolation ane@ver, the capacity with single CCl for MIMO-ULA is
absence of any mobile objects. smaller than that for MIMO-PDA wherSNRtis large

_ ) enough, and the opposite results can be seen \BiNRt

3.1 Single antenna for the transmitter of CCI is small. The reason is that when MIMO-ULA uses simple

In this paper, the average capacity verSiéRtfor the  ynjiform linear array to break a multipath channel into sev-
MIMO-WLAN simple uniform linear array (ULA) and po- - era| individual spatial channels to enhance capacitygthes
larization diversity array (PDA) is calculated. Here chan-ingdividual spatial channels also import extra interfeeenc
nel capacity is the average information rate over the ensemyower at the moment. In contrast to MIMO-ULA, MIMO-
ble of channel realizations. There are 236 receiving pointppa yses tri-polar array to enhance capacity, implying that
for four wooden tables in Room1. In truth, the capacity inthe interference power is reduced when polarizations of
equation (8) can be calculated by equal transmitting powthe receiving antenna and interference antenna are not the
ers for both MIMO-ULA and MIMO-PDA casesSNRtis  same. It can be also explained by the fact that the ISR in
the ratio of total transmitting power to noise power for 236¢quation (8) for the MIMO-PDA is smaller than that for
receiving points. As a result, the channel realizations foghe MIMO-ULA. In other words, when MIMO-PDA sys-
various receiving locations are combined into one enseMgm preaks a multipath channel into several individual spa-
ble with 236 samples. tial channels to enhance capacity, not all individual spati

In other words, we have calculated the SNR in all re-channels are affected by interference. A parameter is de-
ceiving positions. Capacity using that SNR is computed in
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i Fig. 6. VR, for SISO, MIMO-ULA and MIMO-PDA
fined to check whether MIMO compared to SISO can be

used to reduce degradation of capacity while single CCI
exist, and it is expressed as duce the degradation of capacity even though it provides

Average capatity with single CCI less capacity compared to MIMO-ULA when CCI does not

VR, = 100 exist.
© Average capacity without single CCI % %
(10) . .
The more the value oF R, increases, the more degrada-3'2 Multiple antennas for the transmitter of CCl
tion of capacity is reduced. In other words, largérR. The average capacities of WLAN systems calculated

can yield more channel capacity while CCl exigtR. for ~ from 236 receiving locations with CCI-ULA, CCI-PDA
MIMO-ULA, MIMO-PDA and SISO are shown in Figure and without CCI for MIMO-ULA and MIMO-PDA are

6. It is seen that MIMO-PDA can effectively reduce the shown in Figure 7 and Figure 8 respectively. Note that
effect of CCl but MIMO-ULA can not. The results given the CCI-ULA and the CCI-PDA denote the CCI with sim-
in Figure 6 are the same as those given in Figure 5. It wagle uniform linear array and polarization diversity array,
found that MIMO-ULA has higher capacity than MIMO- respectively. In the two figures, the capacity for MIMO-
PDA when CCI does not exist. However, MIMO-ULA is ULA with CCI-PDA is larger than that with CCI-ULA, and
not the best choice when single CCI exist, since it can nathe capacity for MIMO-PDA with CCI-ULA is larger than
reduce the degradation of capacity caused by the CCI. Ithat with CCI-PDA, wherSNRtis large enough. This is
contrast to MIMO-ULA, MIMO-PDA can be used to re- due to that the received CCI power becomes large when
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MIMO-PDA with CCI-PDA, CCI-ULA and without CCI

system with and without single CCI are calculated for both
single and multiple transmitting antennas of the CCI sim-
ple uniform linear array and polarization diversity array.

Numerical results show that MIMO-PDA provides
somewhat lower gain in SNR and capacity than MIMO-
ULA for the interference free case, but offers a feasible
alternative for miniaturized WLAN devices owing to its
compact, collocated antenna structure, and it keeps a good
immunity against the CCI. Moreover, the immunity against
CClI for MIMO-PDA is better than that for MIMO-ULA,
and the immunity will increase when antenna arrays of the
desired system and CCI are different.

Fig. 8. The average capacities of WLAN systems foREFERENCES
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