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On Cellular MIMO Channel Capacity

Koichi ADACHI'®, Student Member, Fumiyuki ADACHI'*, and Masao NAKAGAWA, Fellows

SUMMARY To increase the transmission rate without bandwidth ex-
pansion, the multiple-input multiple-output (MIMO) technique has recently
been attracting much attention. The MIMO channel capacity in a cellular
system is affected by the interference from neighboring co-channel cells.
In this paper, we introduce the cellular channel capacity and evaluate its
outage capacity, taking into account the frequency-reuse factor, path loss
exponent, standard deviation of shadowing loss, and transmission power of
a base station (BS). Furthermore, we compare the cellular MIMO down-
link channel capacity with those of other multi-antenna transmission tech-
niques such as single-input multiple-output (SIMO) and space-time block
coded multiple-input single-output (STBC-MISO). We show that the op-
timum frequency-reuse factor F that maximizes 10%-outage capacity is
3 and both 50%- and 90%-outage capacities is 1 irrespective of the type
of multi-antenna transmission technique, where g%-outage capacity is de-
fined as the channel capacity that gives an outage probability of g%. We
also show that the cellular MIMO channel capacity is always higher than
those of SIMO and STBC-MISO.
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1. Introduction

Multiple-input multiple-output (MIMO) transmission is
known as a promising technique to increase the transmission
rate without bandwidth expansion [1]. In the cellular sys-
tem, the same carrier frequency is reused at different cells
to efficiently utilize the limited bandwidth. Therefore, the
channel capacity is affected by not only the noise but also
the co-channel interference (CCI) from the neighboring co-
channel cells. The channel capacity can be increased using
the MIMO technique by a factor of the number of transmit
antennas but is degraded by CCI. To mitigate the adverse ef-
fect of CCI, it is necessary to increase the distance between
the cells using the same carrier frequency (i.e., to increase
the frequency-reuse factor). But, this reduces the channel
capacity per cell. This is because as the frequency-reuse fac-
tor increases, the bandwidth allocated to each cell is made
narrower.

In [2] and [3], the channel capacity improvement by
MIMO technique over the single-input single-output (SISO)
technique and single-input multiple-output (SIMO) tech-
nique in a cellular environment is evaluated by taking into
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account the propagation parameters and transmit power.
However, the impact of frequency-reuse factor on the chan-
nel capacity per cell with MIMO technique has not yet
been fully investigated. It is practically important to see
if the MIMO technique can increase the channel capacity
per cell. In [4], MIMO with singular value decomposition
(SVD) is considered and the impact of cell-sectorization and
frequency-reuse factor on the user peak throughput and me-
dian channel capacity per cell is evaluated to show that the
universal frequency-reuse (or the single frequency-reuse)
provides the highest capacity. The throughput improvement
of MIMO with SVD over SIMO is discussed in [5]. Since
Alamouti proposed the space-time block codes (STBC) [6],
the multiple-input single-output (MISO) downlink transmit
diversity [7] has been attracting much attention because
the complexity problem of a mobile terminal can be alle-
viated. To the best of authors’ knowledge, the compre-
hensive capacity comparison of SISO, SIMO, STBC-MISO,
and MIMO in a cellular system is not available in any litera-
ture. So far, no literature discussed about the cellular MIMO
channel capacity when the capacity enhancement technique
(such as power allocation based on the water filling theory)
is used. Furthermore, the impact of propagation parameters
(e.g., path loss exponent and shadowing loss standard de-
viation) on the cellular MIMO channel capacity is also not
available in any literature.

The channel capacity varies according to the distance-
dependent path loss, shadowing loss and multipath fading.
In this paper, we call the channel capacity per cell as the
cellular channel capacity. Recently published papers [2], [3]
focus on the mean spectral efficiency, which is the cellular
channel capacity averaged over positions of users uniformly
distributed in the cell. The cellular channel capacity is a
random variable and therefore, the theoretical analysis of
cellular channel capacity is quite difficult if not impossible.
In this paper, we first obtain the information outage proba-
bility for the given frequency-reuse factor and then, find the
q%-outage capacity [8], [9] (which is defined as the channel
capacity that gives an outage probability of g%). We con-
sider the 10%-, 50%-, and 90%-outage capacities and dis-
cuss the optimum frequency-reuse factor F that maximizes
the each outage capacity using MIMO technique (cellular
MIMO channel capacity).

The rest of the paper is organized as follows. In Sect. 2,
the system model is described and the cellular channel ca-
pacity formula is presented. Simulation setup is given and
then numerical results of information outage capacity and
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q%-outage capacity are presented in Sect. 3. Section 4 con-
cludes the paper.

2. Cellular System and Cellular Channel Capacity

In this paper, the hexagonal cell layout is considered as
shown in Fig.1. The center cell is a cell of interest.
The same frequency is reused at different cells with the
frequency-reuse factor F (= i*+ j>+ij=1,3,4,7,9,12---,
i and j are a positive integer) [10] as shown in Fig. 2 for the
case of F' = 3. We assume a MIMO system with N, transmit
antennas and N, receive antennas. The base station (BS) is
located in the center of its cell. No sector antenna is used at
the BS.

A mobile station (MS) of interest receives the CCI from
the c-th cell (c = 1,2---) as well as the desired signal from
its communicating cell indexed by ¢ = 0. The local aver-
age received power P, (averaged over the fading statistics
only), on each receive antenna, of the c-th BS can be ex-
pressed as

Pre=A-P-d" 10710 (1

where A is a constant value (depending on the antenna gain,
feeder loss, etc), P; is the total transmit power from each

- Co-channel
cell

Co-channel cell

Fig.2  Geographical relationship between the ¢ = Oth cell and
co-channnel cells (F = 3).
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BS, d. is the distance between the c-th BS and the MS com-
municating with the ¢ = Oth BS, a is the path loss expo-
nent, and &, is the shadowing loss in dB following a zero-
mean Gaussian distribution with the standard deviation o
If either STBC-MISO or MIMO is used, the transmit power
from each antenna is reduced by a factor of N, to keep the
total transmit power from a BS the same.
Equation (1) is rewritten as

P..=S-r;-107%/10 )

where r. = d./R is the normalized distance with R being the
cell radius and § = A - P, - R™* is the average signal power
received by an MS at the cell edge (dy = R). The total local
average CCI power [ from the co-channel cells is expressed
as

I=)"8.r;- 1070 3)

c=1

In this paper, the CCI is approximated as a zero-mean com-
plex Gaussian process with the average power I. The noise
power N due to the additive white Gaussian noise (AWGN)
is given as

N=Ny-W “4)

where Ny is the one-sided power spectrum density of the
AWGN and W is the channel bandwidth assigned to each
cell.

The local average received signal-to-interference plus
noise power ratio (SINR) y on each receive antenna is given
as

Pr,O ra(l . 10~%0/10

YTIANT -1 )
E
Dorem 1070 4 (—)

No

c=1

where E/Ny (= (S/W)/Ny) denotes the average signal en-
ergy per data symbol-to-AWGN power spectrum density ra-
tio at the cell edge.

Since the total system bandwidth required for a cellular
system with the frequency-reuse factor F is B = F - W (Hz).
The cellular MIMO channel capacity is defined as the chan-
nel capacity per cell C normalized by the system bandwidth
B and is given by

1 C

= . — 6
= 5w (6)
where C/W (bps/Hz) is given by [1]
¢ Y
W log, det |Iy + N, ~HHH] )

In the above, Iy, is the N, X N, identity matrix, H is the
N, X N, channel matrix between the ¢ = Oth BS and the MS
of interest and is expressed as

ho,o hoN,-1
H-= ®)

hy,-10 hn,-1,8,~1
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Table1 Coding rate R, of STBC-MISO [11].
Number of transmit antennas | Coding rate R,
2 1
3
Z 3/4
5
6 2/3

where £, ,, is the complex channel gain with E [|hnr,n,|2] =

1, due to multipath fading, between the n,-th transmit an-
tenna of the ¢ = Oth BS and the n,-th receive antenna of the
MS (E[.] denotes the ensemble average operation). By sub-
stituting Eq. (7) into Eq. (6), we have the following cellular
channel capacity n (bps/Hz/cell)

1 ¢ 1
— - log, det

"“FWTF

Y H
Iy + — -HH 9
Y } )]

The cellular channel capacity of SISO, SIMO and
STBC-MISO can be obtained, similar to the MIMO case,

as
1 2
7 " log 1+y-|h0,0|] for SISO
R vy g 2
— logy |1+ % ) |ho,| | for STBC — MISO
1 = 2
f.logz{lw.ZW,O] for SIMO

n,=0

(10)

where R, is the coding rate of STBC-MISO shown in Table 1
[11].

As the frequency-reuse factor F' increases, the CCI
power [ from co-channel cells becomes weaker (this in-
creases the cellular channel capacity), while the total band-
width F- W necessary for a cellular system increases (this re-
duces the cellular channel capacity). This suggests that there
may be an optimum F that maximizes the cellular channel
capacity . However, the value of n is a random variable
due to the distance-dependent path loss, shadowing loss and
multipath fading. Using the Monte-Carlo numerical evalua-
tion, we find the outage capacity defined as the capacity of
n falling below a certain value.

3. Numerical Results

We consider 1x1 SISO, 1x4 SIMO, 4x1 STBC-MISO, and
4 x 4 MIMO except for Fig. 8. Note that when 4 x 1 STBC-
MISO is used, the coding rate reduces to 3/4 [7]. Table 2
summarizes the numerical condition. The location of MS is
uniformly distributed within the center cell. We assume an
uncorrelated frequency-nonselective block Rayleigh fading
channel for each transmit antenna/receive antenna pair. In
the Monte-Carlo numerical evaluation, each Rayleigh fad-
ing is generated based on modified Jakes’ model [12]. The
total transmit power of each cell is determined so that the
received SINR at the cell edge becomes the predetermined

IEICE TRANS. COMMUN., VOL.E91-B, NO.7 JULY 2008

Table 2  Numerical condition.
Cell structure Hexagonal
Frequency-reuse factor F=1,3,4,7,9,12
MS distribution Uniform
Path loss exponent a=3.040
Shadowing standard deviation o =4.0-8.0dB
Multipath fading | Block Rayleigh fading
Channel model Number of paths 1
Max. Doppler
frequency fo — OHz
Number of transmit antennas N;=1-6
Number of receive antennas N, =1-6

value I'(= E;/Ny) = 0 ~ 20dB.

The distribution of the cellular channel capacity is
found as follows. The location of MS of interest is randomly
generated in the center cell (¢ = Oth cell). The path loss
and shadowing loss between each co-channel cell and MS
are generated and the received SINR, vy, is computed using
Eq. (5) and then, the cellular channel capacity is computed
using Eq. (9) or (10). The distribution of the cellular channel
capacity is obtained for the given frequency-reuse factor F
by repeating the above process a sufficient number of times.
In the Monte-Carlo numerical evaluation, the number of co-
channel interfering cells is set to be 18 for F = 1 and 6
for F # 1 because interference from other cells can be ne-
glected. The shadowing loss is modeled as the log-normally
distributed random variable having the standard deviation
o dB and those experienced at different BSs are assumed to
be independent. The MS of interest is always connected to
the ¢ = Oth cell irrespective of the received signal power
from other BSs.

3.1 Information Outage Probability

To find the g%-outage capacity we first obtain the informa-
tion outage probability of multi-antenna technique. The in-
formation outage probabilities of 1 x 1 SISO, 1 x 4 SIMO,
4 x 1 STBC-MISO, and 4 x 4 MIMO are plotted in Fig. 3.
Since the transmit power from each antenna is reduced by
a factor of N, to keep the total transmit power P, from each
BS the same, the received SINR at the MS is reduced when
multiple transmit antennas are used at BS, thereby increas-
ing the probability that the cellular channel capacity drops.
However, the transmission data rate of 4 x 4 MIMO is four
times higher than that of 1 x4 SIMO and hence, the cellular
MIMO channel capacity becomes higher than 1 x4 SIMO. It
can be seen from the figures that as F' increases, the capacity
improvement of the MIMO over the SIMO becomes larger.
The reason for this can be explained as follows. In a low
SINR region, the spatial diversity gain is more important
than the spatial multiplexing gain and therefore, the superi-
ority of MIMO over SIMO diminishes. On the other hand,
in a high SINR region, the spatial multiplexing gain is more
effective than the spatial diversity gain and hence, MIMO
provides larger capacity than SIMO. As F increases, the
interference gets weaker and the received SINR increases;
therefore, MIMO provides much larger capacity than SIMO
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Fig.3 Information outage probability.

owing to the spatial multiplexing gain.

The cellular channel capacity of STBC-MISO greatly
reduces compared to those of SIMO and MIMO. This is be-
cause the transmission power from each transmit antenna
is reduced by a factor of N, and because the coding rate
of STBC-MISO is reduced to 3/4 when N, = 3 and 4 [7].
Therefore, the cellular channel capacity of STBC-MISO is
lower than that of SIMO in spite of the same diversity order.

Bellow, we discuss the impact of frequency-reuse fac-
tor F on the cellular channel capacities of multi-antenna
techniques and then, discuss about how the channel capacity
is affected by propagation parameters and transmit power.

3.2 Impact of Frequency-Reuse Factor F
From the information outage probability obtained by the

Monte-Carlo numerical evaluation, we find the 10%-, 50%-
(median channel capacity in [4]), and 90%-outage capaci-
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Fig.4 Impact of frequency-reuse factor F' on g%-outage capacity.

ties. Figure 4 plots 10%-, 50%-, and 90%-outage capacities
as a function of F' when the path loss exponent @ = 3.5 and
the shadowing standard deviation o = 6.0 dB.

From Fig. 4, it can be seen that if 50%-outage capac-
ity or 90%-outage capacity is used for the system design,
the use of F' = 1 is optimal as shown in [2]-[4] and provides
50%-outage capacity of 5.0 (bps/Hz/cell) or 90%-outage ca-
pacity of 20.0 (bps/Hz/cell). On the other hand, if 10%-
outage capacity is used for the system design, the use of
F = 3 is optimal. 10%-outage capacity increases due to de-
creasing CCI as F increases from 1 to 3, but it decreases be-
yond F = 3. This is because the increasing total bandwidth
offsets the positive effect of decreasing CCI. It can be seen
from Fig.4 that when F' = 3, 10% of users have the cel-
lular channel capacity below about 1.5 (bps/Hz/cell) when
4 x 4 MIMO is used. In other words, 90% of users enjoy
the cellular channel capacity of higher than 1.5 bps/Hz/cell.
Furthermore, when F = 3, 10% of users enjoy more than
9.0 (bps/Hz/cell). On the other hand, if a cellular system is
designed using 50%-outage capacity or 90%-outage capac-
ity, 10% of users have the cellular channel capacity lower
than about 0.7 (bps/Hz/cell), although 10% of users enjoy
the cellular channel capacity larger than 20.0 (bps/Hz/cell).

The above discussion shows that if the cellular system
is to be designed to increase the number of users having the
higher cellular channel capacity, F = 1 can be used; on the
other hand if the system is to be designed to guarantee the
minimum channel capacity, F' = 3 can be used.

3.3 Impact of Propagation Parameters

3.3.1 Path Loss Exponent «

Figure 5 plots 10%-, 50%-, and 90%-outage capacities
(bps/Hz/cell) as a function of F' with the path loss exponent

a as a parameter when o = 6.0 dB.
The path loss is inverse-proportional to the a-th power
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of the distance. The distance of an interfering BS from an
MS of interest is longer than that of the desired BS. There-
fore, as « increases, the CCI power attenuates much faster
than the desired signal power, resulting in the increased cel-
lular channel capacity. However, the optimum F is 3 for
10%-outage capacity irrespective of the value of . Further-
more, it can be seen from Fig. 5 that although, 10%-, 50%-,
and 90%-outage capacities increase as a increases, 90%-
outage capacity is less sensitive to & compared to 10%- and
50%-outage capacities. This can be explained as follows.
90%-outage capacity is interpreted as that 10% of users in
a cell have the channel capacity higher than 90%-outage ca-
pacity. These 10% users are located very close to their com-
municating BS and therefore, their SINR, v is sufficiently
high (since the desired signal power is high and the CCI is
low). Since the channel capacity is a logarithmic function of
v as shown in Eqs. (9) and (10), the capacity variation due
to the SINR variation becomes very narrow for a high SINR
region. This leads to the fact that 90% outage capacity is
less sensitive to a. As F increases, the impact of path loss
exponent @ becomes weaker irrespective of the percentage
value of outage capacity. This is because, as F increases, the
distance between the MS and an interfering BS increases
and hence, the interference power is reduced enough even
though @ = 3.0, resulting in larger y. As a consequence, the
impact of a becomes weaker when F' gets larger.

3.3.2 Standard Deviation o of Shadowing Loss

Figure 6 plots 10%-, 50%-, and 90%-outage capacities
(bps/Hz/cell) as a function of F with the shadowing stan-
dard deviation o as a parameter when @ = 3.5. As o
increases, the channel capacities reduce because the aver-
age CCI power increases due to increased variability of CCI
power. Again the optimum F is seen to be 3 for 10%-outage
capacity irrespective of the value of o. Interestingly, 90%-
outage capacity is almost insensitive to o irrespective of the
value of F, while 50%-outage capacity is insensitive to o
when F is larger than 7. The reason for this can be explained
as follows. As discussed in 3.3.1, 90%-outage capacity is a
result of contribution from the users close to their communi-
cating BS. For such users, y is very high and therefore, the
channel capacity is insensitive to the variation of SINR and
hence, 0. Similar to Sect.3.3.1, the impact of shadowing
standard deviation o on the g%-outage capacity becomes
less sensitive as F increases. This can be explained as fol-
lows. For a large F, the co-channel cells are far away from
the MS of interest and hence, the CCI power is sufficiently
weak. Thus, the variation of CCI power owing to shadowing
has less impact on the g%-outage capacity.

3.4 Impact of Transmission Power of BS

Figure 7 plots 10%-, 50%-, and 90%-outage capacities
(bps/Hz/cell) as a function of F' with the received E/N, at
the cell edge (i.e., transmission power of BS) as a param-
eter when the cell radius is kept the same for @ = 3.5 and
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o = 6.0dB. For comparison, the interference-limited case
(i.e., Ey/Ny — o0)is also plotted. From Fig. 7, it can be seen
that as the transmission power increases, the cellular chan-
nel capacity also increases and approaches the interference-
limited case when E;/Ny = 20dB. However, it can also be
seen that the g%-outage capacity is almost insensitive to I'
irrespective of ¢ when F' = 1. This is because when F' = 1,
the interfering cells are near to the desired cell and the chan-
nel is almost interference-limited even if I' = 0 dB.

3.4.1 Impact of Number of Transmit/Receive Antennas

The achievable channel capacity depends on the number
of antennas. We evaluate the impact of number of trans-
mit/receive antennas on the 10%- and 90%-outage capaci-
ties when the optimum frequency-reuse factor F is used for
each outage capacity. Figure 8 plots 10%-outage capacity
with F' = 3 and 90%-outage capacity with F' = 1 as a func-
tion of the number of transmit/receive antennas (N; and N,)
when @ = 3.5 and o = 6.0dB. For comparison, the re-
sults for 1 x 1 SISO are also plotted. From Fig. 8, it can be
seen that MIMO always provides the highest channel capac-
ity among 1 x 1 SISO, 1 x N, SIMO, N; x 1 STBC-MISO
and N; X N, MIMO. As the number of transmit/receive an-
tennas increases, 10%- and 90%-outage capacities increase
both for the MIMO and the SIMO cases. However, they are
almost constant or slightly decrease for STBC-MISO case.
The capacity comparison between SISO and STBC-MISO is
interesting. 10%-outage capacity means that 10% of users
have the channel capacity less than that. These users are far
away from their communicating BS and are located close
to the cell edge, therefore the received SINR is very low.
In such an environment, the transmit diversity is effective
to improve the SINR and the capacity of STBC-MISO is
higher than that of SISO. On the other hand, 90%-outage
capacity is a result of the contribution from the users near

IEICE TRANS. COMMUN., VOL.E91-B, NO.7 JULY 2008

the communicating BS and the received SINR is high; there-
fore, the capacity is relatively insensitive to the SINR and is
directly affected by the coding rate of STBC, resulting in the
reduced capacity compared to SISO.

4. Conclusion

In this paper, we evaluated the information outage probabil-
ity of the MIMO channel capacity from which we obtained
the g%-outage capacities (which is defined as the channel
capacity that gives an outage probability of g%). We com-
pared the g%-outage capacities achievable by 1 x 1 SISO,
1 x 4 SIMO, 4 x 1 STBC-MISO, and 4 x 4 MIMO tech-
niques and discussed the impact of propagation parameters
(path loss exponent and shadowing loss standard deviation).
It was shown by numerical computation that 50%- and 90%-
outage capacities are almost insensitive to the propagation
parameters while 10%-outage capacity is sensitive to the
propagation parameters.

We have shown that the optimum reuse factor F de-
pends on the outage probability of the channel; the opti-
mum reuse factor F' is 3 for 10%-outage capacity and the
single-frequency reuse (F = 1) gives the largest cellular
capacity for 50%- and 90%-outage capacity irrespective of
path loss exponent, shadowing loss standard deviation and
transmit power of BS. Furthermore, it has been shown that
4 x 4 MIMO can always achieve higher channel capacity
than 1 x 1 SISO, 1 x4 SIMO and 4 x 1 STBC-MISO.

The power allocation technique based on the water fill-
ing theory is known to enhance the capacity. The cellular
channel capacity evaluation when the power allocation is
used is left as an interesting future study.
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