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PAPER

MIMO E-SDM Transmission Performance in an Actual Indoor
Environment

Hiroshi NISHIMOTO†a), Student Member, Yasutaka OGAWA†b), Toshihiko NISHIMURA†c),
and Takeo OHGANE†d), Members

SUMMARY MIMO systems using a space division multiplex-
ing (SDM) technique in which each transmit antenna sends an independent
signal substream have been studied as one of the successful applications
to increase data rates in wireless communications. The throughput of a
MIMO channel can be maximized by using an eigenbeam-SDM (E-SDM)
technique, and this paper investigates the practical performance of 2×2 and
4×4 MIMO E-SDM based on indoor measurements. The channel capacity
and bit error rate obtained in various uniform linear array configurations are
evaluated and are compared with the corresponding values for conventional
SDM. Analysis results show that the bit error rate performance of E-SDM
is better than that of SDM and that E-SDM gives better performance in
line-of-sight (LOS) conditions than in non-LOS ones. They also show that
the performance of E-SDM in LOS conditions depends very much on the
array configuration.
key words: MIMO, eigenbeam space division multiplexing, array element
pattern, eigenvalue distribution, channel capacity, bit error rate

1. Introduction

The multiple-input multiple-output (MIMO) system in
which multiple antennas are placed at both the transmit-
ting and receiving ends has recently been shown to be ef-
fective in providing high-capacity wireless communications
[1]–[3], and its propagation characteristics have been mea-
sured by many groups of investigators [4]–[11]. Space divi-
sion multiplexing (SDM), in which data rates are increased
in proportion to the number of transmit antennas by hav-
ing each send an independent signal substream, can provide
high-speed data transmission even when the MIMO channel
state information (CSI) is unknown at the transmitting end
[12]–[14]. We have already made MIMO channel measure-
ments evaluating the performance of SDM in actual envi-
ronments [15], [16].

When the MIMO CSI is available at the transmitting
end, on the other hand, eigenbeam-SDM (E-SDM) can be
used [17]–[21]. This transmission technique enables us to
transmit spatially orthogonal substreams when eigenvectors
obtained by singular value decomposition of the MIMO
channel matrix are used as transmit weight vectors, and it
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maximizes the throughput of the MIMO channel by allo-
cating resources to each substream optimally. These advan-
tages of E-SDM will make MIMO systems effective for in-
creasing the data transfer speeds in future wireless commu-
nications.

To assess the feasibility of E-SDM in actual propaga-
tion environments, we have measured MIMO channel prop-
erties in indoor line-of-sight (LOS) and non-LOS (NLOS)
environments. Some measurement-based MIMO researches
have been done with respect to virtual channels, especially
Kronecker reconstructed channels [5], [6], [9]. When the
number of measured channel samples is insufficient for a
statistical analysis, such a channel production scheme is ef-
fective because it can infinitely generate MIMO channels
based on the measured data. Statistical characteristics of
generated channels, however, may differ from those in the
actual measurement environment [22]. Furthermore, the
Kronecker reconstruction is generally used to produce vir-
tual NLOS channels so that LOS channels, which are evalu-
ated in our study, are out of the consideration.

We think that the MIMO characteristics in a target en-
vironment should be investigated using the measured chan-
nels themselves as much as possible. Therefore we have
obtained enough actual channel samples for statistical anal-
yses by collecting data in both the space and frequency do-
mains [6]. This measurement scheme enables the MIMO
characteristics in real environments to be analyzed more ac-
curately. Using the measured channels including the effect
of mutual coupling between antennas, we evaluated 2×2 and
4×4 MIMO E-SDM performance in an indoor environment.

The following parts of this paper are organized as fol-
lows. Section 2 defines the model of the MIMO channel
and introduces the basic concepts of SDM and E-SDM. Sec-
tion 3 outlines our measurement campaign and describes
some examples of measured data and characteristics of mea-
surement environments. Section 4 reports the channel ca-
pacity and average bit error rate (BER) performance ob-
tained by using the measured data. It also shows the array
element patterns including the effect of mutual coupling and
the cumulative distribution functions (CDFs) of eigenvalues
so the relations between these properties and the obtained
performance can be evaluated. In Sect. 5 we draw conclu-
sions from these results.

Copyright c© 2007 The Institute of Electronics, Information and Communication Engineers
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2. Concepts of SDM and E-SDM

2.1 MIMO Channel Model

We assume that the transmission bandwidth is so narrow that
the fading is flat. When the MIMO system is assumed to
have NT transmit (TX) antennas and NR receive (RX) anten-
nas, an NR × NT MIMO channel matrix H between the TX
and RX ends is expressed as

H =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

h11 h12 · · · h1NT

h21 h22 · · · h2NT

...
... hi j

...
hNR1 hNR2 · · · hNRNT

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (1)

where hi j, which is an element of the ith row and the jth
column in the matrix H, denotes a channel from the jth TX
antenna to the ith RX antenna.

2.2 SDM

When the transmitter does not know the MIMO CSI, high-
speed communications can be obtained by using SDM, in
which independent signal substreams are transmitted from
the TX antennas with equal power as shown in Fig. 1(a). In
SDM transmission, an NR-dimensional received signal vec-
tor rSDM(t) can be represented by

rSDM(t) = Hs(t) + n(t), (2)

(a) SDM.

(b) E-SDM.

Fig. 1 Concepts of SDM and E-SDM transmission.

where s(t) is an NT -dimensional transmitted signal vector
consisting of signals from TX antennas and n(t) is an NR-
dimensional additive white Gaussian noise vector. While
SDM can increase data rates in proportion to the number of
TX antennas, the receiver needs to suppress intersubstream
interference.

2.3 E-SDM

If the MIMO CSI is available at the transmitter, the channel
space between the TX and RX antennas can be orthogonal-
ized by using eigenbeams. The eigenvalue decomposition
of an NT × NT non-negative Hermitian matrix HH H can be
expressed as

HH H = UΛUH , (3)

where

U = [e1 e2 · · · eM], (4)

Λ = diag (λ1, λ2, . . . , λM) (λ1 ≥ · · · ≥ λM) . (5)

Here, M (M ≤ min (NT ,NR)) indicates the rank of H,
diag (·) denotes a diagonal matrix, and Λ is defined as an
M × M diagonal matrix composed of positive eigenvalues
λ1, . . . , λM of HH H. When eigenvectors e1, . . . , eM respec-
tively corresponding to eigenvalues λ1, . . . , λM are multi-
plied as TX weights, we can form an orthogonal multi-
beam space between the TX and RX antennas as shown in
Fig. 1(b). This is the E-SDM technique, and when it is used
the received signal vector is given by

rE-SDM(t) = HUs(t) + n(t). (6)

Unlike the s(t) in (2), s(t) in this equation is an M-
dimensional transmitted signal vector consisting of signals
sent through eigenchannels. In the ideal E-SDM in which
the TX weight vectors completely match an instantaneous
MIMO channel response, spatially orthogonal substreams
cause no intersubstream interference at the RX end, which
is an issue in the conventional SDM. Under such a condition,
it is easy to demultiplex received signals by using maximal
ratio combining (MRC) processing, which maximizes the
SNR at the RX end by multiplying the received signal vec-
tor rE-SDM(t) by (HU)H [23]. Moreover, we can maximize
the throughput of the MIMO system by optimizing bit (mod-
ulation) and power allocation to each substream.

We measured MIMO transfer matrices H themselves in
actual indoor propagation environments as described in the
next section. Using the measured channels, we evaluated
the performance of E-SDM and compared it with the per-
formance of the conventional SDM as described in Sect. 4.

3. MIMO Channel Measurement Setup

The measurement campaign was carried out in a confer-
ence room in a building of the Graduate School of Infor-
mation Science and Technology at Hokkaido University.
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Fig. 2 Measurement environment (top view).

The walls of the room consisted of plasterboard around
reinforced concrete pillars and metal doors (Fig. 2). The
walls, floor and ceiling scatter a transmitted signal and cause
fading. In it we set up TX and RX tables and a vec-
tor network analyzer (VNA) to measure the channel re-
sponses. The measurement band was from 5.15 GHz to
5.4 GHz (bandwidth = 250 MHz), and it was swept with a
156.25 kHz interval (1,601 frequency sample points). Each
channel was averaged over 10 snapshots in order to reduce
thermal noise included in tentative measurements. In the
LOS condition there was no obstructing object between the
TX and RX tables, and in the NLOS condition there was a
metal partition between them. Channel data were obtained
while no one was in the room, to ensure statistical stationar-
ity of propagation.

The x- and y-axes were defined as shown in the dashed
circles in Fig. 2. The MIMO measurement campaign used
uniform linear arrays (ULAs). The orientation with the TX
and RX antennas aligned along the x-axis is denoted as the
TX-x/RX-x orientation (Fig. 3(a)), and the orientation with
the TX and RX antennas aligned along the y-axis is denoted
as the TX-y/RX-y orientation (Fig. 3(b)). To obtain spatially
different fading channels, there were seven positions on the
TX and RX tables for the antenna array mount along the
x- and y-axes separated with an interval of λ/4 (1.5 cm), as
shown in the dashed circles in Fig. 2, where λ denotes the
wavelength at 5 GHz (6 cm). As also shown in the dashed
circles in Fig. 2, the antenna array orientation corresponded
to the array position direction. The positions of the TX
and the RX arrays for the TX-x/RX-x orientation, for exam-

(a) TX-x/RX-x.

(b) TX-y/RX-y.

Fig. 3 Antenna array orientations.

Fig. 4 MIMO channel measurement system.

ple, were changed in the x direction. The array’s antenna
spacing (AS) had three values: 0.50λ, 0.75λ, and 1.00λ.
By changing the TX and RX array positions, we obtained
7 × 7 = 49 spatially different data. Because we had 1,601
frequency-domain data, a total of 49 × 1,601 = 78,449 dif-
ferent MIMO channel matrix data were obtained for each
array orientation, antenna spacing, and LOS/NLOS condi-
tion. That is, strictly speaking, we measured Ĥ(k, f ) for
the space-domain index k = 1, . . . , 49 and the frequency-
domain index f = 1, . . . , 1,601. In our study we treated the
78,449 channel matrices independently as flat fading chan-
nels based on (1). All of the MIMO characteristics presented
in the next section were derived from statistical processing
of all the 78,449 MIMO channel data.

We used collinear antennas AT-CL010 (TSS JAPAN
Co., Ltd.) designed to have omnidirectional characteristics
on the horizontal (x-y) plane. The nominal gain on the hor-
izontal plane was 4 dBi. Figure 4 shows an example of a
2 × 2 MIMO measurement system, where the basic idea is
the same as for the 4 × 4 MIMO system. We set and mea-
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(a) Frequency domain.

(b) Time domain.

Fig. 5 Examples of measurement data (SISO case).

sured a target channel element in the MIMO matrix by us-
ing RF switches at the TX and RX sides to select the TX
antenna and the RX antenna. We normalized the measured
channel responses to calibration data obtained when the ca-
bles to the antenna ports from the RF switches were con-
nected directly. The calibrated data therefore did not have
the frequency characteristics of the cables and switches. The
unselected antennas were automatically connected to 50Ω
dummy loads.

Figure 5 shows example measurements. These data
were obtained at the central positions on the TX and RX
tables when TX and RX ends each used a single an-
tenna (single-input single-output (SISO) case), so the anten-
nas did not have mutual coupling. Figure 5(a) shows mea-
sured frequency-domain data. It is clear that the received
power for the LOS condition was generally larger than that
for the NLOS one because of the direct wave. The impulse
responses in the time domain shown in Fig. 5(b) are the re-
sult of performing an IFFT on the frequency-domain data in
Fig. 5(a). The many peaks for the LOS and NLOS condi-
tions indicate that the measurement environments had many
scattered waves. The maximum peak was around 14 ns for
the LOS condition. This is considered to be from the direct
wave because the 4-m distance between the TX and RX ends
gives a propagation time of 4/(3.0 × 108) = 13.3 ns and be-
cause the peak was not present under the NLOS condition.

Figure 6 shows the CDFs of the wave amplitudes. The
data were obtained with the SISO technique. The received
amplitudes at the 50% level were about 7.6 dB greater under

Fig. 6 CDFs of amplitudes (SISO case).

(a) NLOS.

(b) LOS.

Fig. 7 Examples of eigenvalues for the 2 × 2 MIMO case (AS = 0.50λ,
TX-y/RX-y orientation).

the LOS condition than they were under the NLOS condi-
tion. The K-factor in the LOS environment was verified to
be 1.66 dB. Therefore, the scattered wave power was com-
parable to the direct wave power.

Figure 7 shows examples of eigenvalues for the
2 × 2 MIMO case with AS = 0.50λ and the TX-y/RX-y ori-
entation. These data were obtained at the same position that
those in the abovementioned SISO case were obtained. In
contrast to the antennas in the SISO case, the antennas in this
case had the effect of mutual coupling. Figure 7(a) shows
eigenvalues in the NLOS condition, and Fig. 7(b) shows
those in the LOS one. There are two eigenvalues λ1 and λ2

because of a 2 × 2 MIMO system. Under both of the condi-
tions the change of λ1 is smaller than that of λ2 (as will be
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seen also from Figs. 10 and 11 in Sect. 4.2). We can expect
that spatial diversity appears significantly for the eigenchan-
nel corresponding to the maximum eigenvalue. We can also
see that the LOS condition gives a larger λ1 than the NLOS
one does. As in the SISO case, the direct wave in the LOS
case seems to have increased the magnitude of λ1.

The MIMO channel matrix H used in the next section
is given by the following normalization of the measured Ĥ:

H =
Ĥ√

E
[|hAEC|2] , (7)

where E[·] denotes a mean value averaged over frequency
and space samples. E

[|hAEC|2] is the mean received power
obtained under the SISO and LOS conditions in an anechoic
chamber in which the centers of the TX and RX tables are
4 m apart. We can say that the channel response is normal-
ized to the direct wave amplitude.

4. Analysis of Measured Data

4.1 Array Element Patterns

When multiple antennas are closely arrayed, they have mu-
tual coupling and their antenna patterns change [24]. Since
a MIMO system has antenna arrays at both ends, we cannot
ignore the effect of the changed pattern on the MIMO per-
formance. So before presenting the measured characteristics
of the MIMO channels, we examine the antenna patterns for
each antenna array.

The solid curves in Figs. 8 and 9 show the patterns at
the frequency of 5.2 GHz for each two-element array and
four-element ULA, respectively. The number under each
pattern corresponds to the one in Fig. 3. These azimuth
patterns for multiple antennas were obtained when all the
antennas except the measured one were connected to 50Ω
dummy loads. Therefore they include the mutual coupling
effect. In each part of these figures, the pattern of a sin-
gle isolated antenna is shown for comparison by a dashed
curve. We see that the single antenna has an almost omnidi-
rectional pattern when it does not have the mutual coupling
effect. The patterns in the multiple-antenna case, however,
are significantly different from those in the omnidirectional
case (The patterns for AS = 0.50λ and 1.00λ in the two-
element arrays are in good agreement with the simulation
results in Ref. [24]). The patterns tend to become similar to
the omnidirectional one as the AS becomes larger. We can
also see that patterns of four-element ULAs tend to change
more than those of two-element arrays. This seems to be due
to the effect of mutual coupling between antennas increasing
with the number of antennas.

In the TX-x/RX-x orientation, the RX end is located in
the 0◦ direction with respect to the TX end, and the TX end
is located in the 180◦ direction with respect to the RX end.
Thus, in the LOS condition, the direct wave departs from the
TX end in the 0◦ direction and arrives at the RX end in the
180◦ direction. In the TX-y/RX-y orientation, on the other

(a) AS = 0.50λ.

(b) AS = 0.75λ.

(c) AS = 1.00λ.

Fig. 8 Antenna patterns for a single antenna (dashed curves) and for each
two-element array with mutual coupling (solid curves).

hand, the RX end is located in the 90◦ direction with respect
to the TX end, and the TX end is also located in the 90◦
direction with respect to the RX end. Thus the direct wave
departs from the TX end and arrives at the RX end in the 90◦
direction. The gain in the 0◦ and 180◦ directions tends to be
small. On the other hand, the gain in the 90◦ direction is
higher than it is in the single-antenna case, especially when
AS = 0.50λ and 0.75λ.

As will be shown later, especially in the LOS condition,
eigenvalue distributions and MIMO system performance de-
pend on the array configuration. The antenna gain direction-
ality mentioned above seems to affect the LOS component
included in a MIMO channel. Because the relation between
the LOS component and antenna gain directionality is nec-
essary to explain the following behavior of MIMO perfor-
mance, we call it “LOS gain variation” to simplify the fol-
lowing discussions.

4.2 CDFs of Eigenvalues

The number of positive eigenvalues of an NT×NT Hermitian
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(a) AS = 0.50λ.

(b) AS = 0.75λ.

(c) AS = 1.00λ.

Fig. 9 Antenna patterns for a single antenna (dashed curves) and for each four-element ULA with
mutual coupling (solid curves).

matrix HH H corresponds to the number of available eigen-
channels between the TX and RX ends, and the magnitude
of the eigenvalue is proportional to the SNR of the corre-
sponding channel. This means that data transfer rates can be
increased with the number of large eigenvalues. The number
and magnitude of positive eigenvalues therefore determine
the transmission performance in E-SDM. On the other hand,
the channel capacity in SDM is also given by eigenvalues
as will be described in Sect. 4.3. It has also been reported
that the average BER performance of SDM tends to be de-
termined by the minimum eigenvalue λNT [15], [16], [26].
Eigenvalues are considered to have large influence on the
performance in not only E-SDM but also SDM. We there-
fore examined the CDFs of eigenvalues λ1, . . . , λNT in each
MIMO configuration.

The CDFs of the eigenvalues for the measured 2 × 2
and 4 × 4 MIMO channels are shown in Figs. 10 and 11,
respectively. Figures 10(a) and (b) are for the TX-x/RX-x
and TX-y/RX-y orientations. In Fig. 11, parts (a) and (b)
are for the TX-x/RX-x orientation and parts (c) and (d) are

for the TX-y/RX-y orientation. In addition, parts (a) and
(c) are for the LOS condition and parts (b) and (d) are for
the NLOS condition. We can see from these figures that
the eigenvalues in the LOS condition are generally larger
than those in the NLOS one. In particular, the maximum
eigenvalues λ1 in the LOS condition become significantly
large. Since the direct wave in the LOS condition increases
the channel power, its effect seems to largely appear in λ1.

Comparing the CDFs in each condition, we can see that
although the NLOS condition gives similar distributions in
all the cases, the CDFs in the LOS condition, particularly
those of the maximum eigenvalues λ1, change depending on
the array configuration. We can explain this by the rela-
tion between the direct wave and antenna patterns shown in
Figs. 8 and 9, i.e., the LOS gain variation stated in the pre-
vious subsection. The effect of LOS gain variation is espe-
cially evident in the magnitude of the maximum eigenvalue
λ1, as mentioned before. That is, when the antennas have
higher gain in the LOS direction, λ1 tends to be larger. In
contrast, when the antennas have lower gain in the LOS di-
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(a) TX-x/RX-x. (b) TX-y/RX-y.

Fig. 10 CDFs of eigenvalues for the measured 2 × 2 MIMO channels.

(a) TX-x/RX-x, LOS. (b) TX-x/RX-x, NLOS.

(c) TX-y/RX-y, LOS. (d) TX-y/RX-y, NLOS.

Fig. 11 CDFs of eigenvalues for the measured 4 × 4 MIMO channels.

rection, λ1 tends to be lower. For example, looking at the
case of the TX-y/RX-y array orientation in the LOS condi-
tion, we can see that the arrays of AS = 0.50λ and 0.75λ
have large λ1 for both of the 2 × 2 and 4 × 4 MIMO sys-
tems. In the case of AS = 1.00λ, on the other hand, the
CDF of λ1 is lower than in the above two cases. As will be
presented later, such variations of λ1 in the LOS condition
appear to yield various MIMO performances, particularly
E-SDM performances.

We can notice that the CDF of the minimum eigen-
value λNT is in a clearly lower magnitude region and is far

apart from those of the other eigenvalues. Also, the gradi-
ents of the minimum eigenvalue CDFs show almost an or-
der of magnitude increase with an eigenvalue increment of
10 dB. In other words, an eigenchannel with the minimum
eigenvalue does not have spatial diversity effect whereas the
other eigenchannels have. We confirmed that the same phe-
nomena are observed for the i.i.d. Gaussian MIMO channels
generated in computer simulations. This appears to cause a
difference in substream utilization in E-SDM between chan-
nel capacity and BER as will be discussed in Sect. 4.4.
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4.3 CDFs of Channel Capacities

The channel capacity has been used extensively for evaluat-
ing the MIMO channels [4]–[11]. It is the maximum amount
of information that could be transferred if we used an ideal
communication method (coding and modulation). When the
MIMO CSI is known only at the RX side, the SDM channel
capacity CSDM of the measured MIMO channel is given by

CSDM = log2

{
det

(
I +

Ptotal

PAEC

1
NT

HH H
)}

(8)

=

NT∑
i=1

log2

(
1 +

Ptotal

PAEC

1
NT
λi

)
. (9)

Here det (·) denotes a determinant, Ptotal is the total TX
power, and PAEC is the TX power when the previously men-
tioned SISO measurement in the anechoic chamber gives
an average received Es/N0 of 0 dB. Note that Ptotal/PAEC

here represents the normalized total TX power, which is
used hereafter to evaluate the channel capacities and bit er-
ror rates (BERs) so we can compare performances under the
same total TX power condition.

When the MIMO CSI is available at both the TX and
RX sides, we can employ E-SDM transmission that uses or-
thogonal eigenchannels. In this case, optimizing power allo-
cation to each channel gives the maximum channel capacity
in the MIMO channel. The capacity is given by

CE-SDM =

M∑
m=1

log2

(
1 +

Ptotal

PAEC
pmλm

)
. (10)

Here the power coefficient pm (m = 1, . . . ,M) allocated to
the mth eigenchannel is optimally determined on the basis
of the water-filling (WF) theorem [3], [25] represented as

pm = max

(
η − PAEC

Ptotal

1
λm
, 0

)
, (11)

where η is a constant determined to satisfy
∑M

m=1 pm = 1.
This equation means that more power is allocated to a chan-
nel that has a larger eigenvalue (p1 ≥ · · · ≥ pM ≥ 0). Equa-
tions (8) to (11) are used in this subsection to calculate the
CDFs of the capacities CSDM and CE-SDM of MIMO channels
when the normalized total TX power is 20 dB.

The CDFs of the capacities of the measured 2 × 2
and 4 × 4 MIMO channels are shown in Figs. 12 and 13,
respectively. In each figure, data for the TX-x/RX-x and
TX-y/RX-y orientations are shown in parts (a) and (b). All
the CSDM and CE-SDM in the LOS condition are higher than
in the NLOS condition. It is clear from (9) and (10) that
channel capacities CSDM and CE-SDM are given by the eigen-
values, and by comparing the capacity distributions shown
in Figs. 12 and 13 with the eigenvalue distributions shown in
Figs. 10 and 11 we can see that the CDFs of capacities and
eigenvalues display similar behavior. In short, it is clear that
a MIMO case giving larger eigenvalues has a greater capac-
ity than one giving smaller eigenvalues. Also, like the CDFs

of eigenvalues, the CDFs of channel capacities in the LOS
condition appear to depend on the LOS gain variation.

Comparing CE-SDM with CSDM, we can see that in both
the LOS and NLOS conditions the CE-SDM is a little higher
in the low cumulative frequency region. This improvement
of the channel capacities is thought to be due to the optimum
power coefficients that the WF theorem allocates to eigen-
channels. Moreover, the improvement in the 4 × 4 MIMO
system is greater than that in the 2 × 2 MIMO system. In-
vestigating the improvement of CE-SDM from CSDM at the
1% level, however, we cannot say that the effects of the WF
theorem are clear for any of the MIMO cases. The range
of improvement is about 0.3–0.4 bps/Hz in the 2 × 2 MIMO
system and about 0.5–0.7 bps/Hz in the 4×4 MIMO system,
respectively. Therefore, the abovementioned dependence of
channel capacities on the LOS gain variation is almost the
same in CSDM and CE-SDM.

The percentages of used substreams (eigenchannels) in
CE-SDM at the normalized total TX power of 20 dB are shown
in Fig. 14 for the measured 4 × 4 MIMO channels. Each
pie chart presents the proportion of substreams to which the
WF theorem given by (11) allocates positive power coeffi-
cients (pm > 0). That is, it shows the relative usages of
various numbers of the available eigenchannels. We can
see that none of the MIMO systems utilize a single sub-
stream or two substreams, and that the 4 × 4 MIMO sys-
tems utilize three- or four-substream parallel transmission.
The proportion of four-substream transmission is the largest
and is greater in the LOS condition than in the NLOS con-
dition. As demonstrated by the eigenvalue CDFs shown in
Fig. 11, not only the maximum eigenvalues λ1 but also λ2,
λ3, and λ4 tend to be larger in the LOS condition. Hence the
probability that the WF theorem distributes the TX power
even to the substream corresponding to the minimum eigen-
value λ4 is higher in the LOS condition. In other words,
the control by the WF theorem works in such a way that
it utilizes more substreams. The results shown in (9) and
(10) indicate that CSDM and CE-SDM are similar when all
four of the substreams are utilized. The measured data con-
firms that four-substream transmission increases the E-SDM
channel capacity by 0–0.5 bps/Hz and that three-substream
transmission increases it by 0.4–1.3 bps/Hz compared to the
SDM channel capacity. Since the four-substream transmis-
sion that uses all of the eigenvalues from λ1 to λ4 is mainly
used in the LOS condition, the performance of SDM and E-
SDM tends to be similar. Although we do not show the pie
charts for the 2 × 2 MIMO system, the proportions of used
substreams in CE-SDM indicate that in that system the two-
substream transmission accounts for over 95% in the LOS
condition and over 90% of all transmission in the NLOS
condition.

4.4 BER Performance

In the previous subsection, we evaluated the performance of
E-SDM by using the channel capacity and compared it with
the performance of the conventional SDM. The channel ca-
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(a) TX-x/RX-x. (b) TX-y/RX-y.

Fig. 12 CDFs of channel capacities CSDM and CE-SDM with a normalized total TX power of 20 dB
for the measured 2 × 2 MIMO channels.

(a) TX-x/RX-x. (b) TX-y/RX-y.

Fig. 13 CDFs of channel capacities CSDM and CE-SDM with a normalized total TX power of 20 dB
for the measured 4 × 4 MIMO channels.

(a) TX-x/RX-x, LOS. (b) TX-x/RX-x, NLOS.

(c) TX-y/RX-y, LOS. (d) TX-y/RX-y, NLOS.

Fig. 14 Percentages of substreams in E-SDM determined according to the WF theorem at the
normalized total TX power of 20 dB for the measured 4 × 4 MIMO channels.

pacity given by (10) is a continuous quantity, and the num-
ber of used eigenchannels and their power allocation can be

optimally determined by the WF theorem. The amount of
information transmitted through each eigenchannel is a dis-
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Table 1 MIMO E-SDM and SDM simulation parameters.

E-SDM SDM

Modulation QPSK, 16QAM, 64QAM, and 256QAM QPSK
(QPSK and 16QAM in the 2 × 2 MIMO system)

Resource control Minimum BER criterion —
based on Chernoff upper-bound

RX signal processing MRC MLD

Data rates 2NT bits/symbol

Burst length 128 symbols (no coding)

Thermal noise White Gaussian noise

crete quantity, however, and cannot actually be controlled
on the basis of the WF theorem. From the implementational
viewpoint, therefore, a concept of bit assignment and TX
power allocation based on minimization of BER averaged
over substreams has been proposed [20]. We examined the
average BER performance of E-SDM transmission based on
that resource control method by using computer simulations.

The simulation parameters are listed in Table 1. As
stated previously, we had obtained 78,449 channel data for
each MIMO configuration and averaged all the BERs. We
conducted simulations for E-SDM and also did for SDM
for comparison. In SDM we assumed that an indepen-
dent QPSK-modulated uncoded substream was transmit-
ted with equal power from each TX antenna. In other
words, a total of 2NT bits/symbol were constantly transmit-
ted (4 bits/symbol in the 2 × 2 MIMO and 8 bits/symbol in
the 4 × 4 MIMO). In the simulations for E-SDM the trans-
mitter was also assumed to send data with a fixed rate of
2NT bits/symbol. Under this condition, in the 2×2 MIMO E-
SDM we selected modulations from QPSK and 16QAM and
in the 4 × 4 MIMO E-SDM we selected modulations from
QPSK, 16QAM, 64QAM, and 256QAM. Thus 2×2 MIMO
E-SDM had the following two selection patterns:

• 16QAM × 1 (λ1)
• QPSK × 2 (λ1, λ2)

And 4 × 4 MIMO E-SDM had the following five selection
patterns:

• 256QAM × 1 (λ1)
• 64QAM × 1 (λ1) + QPSK × 1 (λ2)
• 16QAM × 2 (λ1, λ2)
• 16QAM × 1 (λ1) + QPSK × 2 (λ2, λ3)
• QPSK × 4 (λ1, λ2, λ3, λ4)

From these patterns we selected the combination expected to
give the minimum BER averaged over utilized substreams
by using the Chernoff upper-bound. Then Lagrange mul-
tipliers determined the optimum TX power coefficients for
the substreams [20]. Maximum likelihood detection (MLD)
was used for RX signal processing in the SDM simulations
because it is the method that gives the best performance
[23]. The E-SDM simulations also assumed that the TX and
RX sides have perfect CSI, whereas the SDM simulations
assumed that only the RX side has perfect CSI.

The average BER performances of 2 × 2 and 4 ×

4 MIMO systems are shown in Figs. 15 and 16, respectively.
Looking at the E-SDM BER performance, we see — as we
saw when comparing channel capacities (Figs. 12 and 13) —
that under the same TX power condition the LOS condition
gives better performance than the NLOS condition does.
The availability of conventional SDM in LOS environments
has already been reported [11], [15], [16], [26]†. E-SDM
transmission never suffers degradation due to a high channel
correlation, which is one of the issues in SDM (fading cor-
relations for each MIMO configuration have been reported
in Refs. [16], [26]). In LOS environments, eigenvalues be-
come larger as the received power increases, and we have
better performance in E-SDM. The better performance in
the LOS condition is thought to be due to the direct wave.

In Fig. 17, we show percentages of bit and substream
assignments in 4 × 4 MIMO E-SDM at the normalized to-
tal TX power of 20 dB in order to explain some phenom-
ena raised below. The determination of these assignments
was based on the minimum BER criterion used in this sim-
ulation. Unlike the proportion of used substreams based
on the WF theorem shown in Fig. 14, when the minimum
BER criterion is used, most of the transmission is two- or
three-substream transmission and there is no four-substream
transmission. Furthermore, while the WF theorem selects
mostly four-substream transmission in the LOS condition,
the minimum BER criterion selects fewer-substream trans-
mission more frequently in the LOS condition than in the
NLOS one. This means that when discrete digital informa-
tion is transmitted by forming eigenbeams, the BER perfor-
mance obtained when sending much information through
fewer eigenchannels with larger eigenvalues is better than
that obtained when using many eigenchannels. This phe-
nomenon is considered to be the difference between an ideal
case given by the information theory and an actual case with
limited finite modulations.

The differences in channel capacities between SDM
and E-SDM are not large as described in the previous sub-
section. The BER performance obtained with E-SDM, in

†In Refs. [15], [16], [26] and this paper, the authors fairly com-
pare the MIMO-SDM performance in the LOS and NLOS con-
dition under the same TX power constraint, and report that LOS
channels provide better performance due to higher received power.
Note that, however, some NLOS performances outperform LOS
ones under the same SNR condition, where fading correlations de-
termine major performance of MIMO-SDM.
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(a) TX-x/RX-x. (b) TX-y/RX-y.

Fig. 15 Average BER performance of SDM and E-SDM for the measured 2 × 2 MIMO channels.

(a) TX-x/RX-x. (b) TX-y/RX-y.

Fig. 16 Average BER performance of SDM and E-SDM for the measured 4 × 4 MIMO channels.

(a) TX-x/RX-x, LOS. (b) TX-x/RX-x, NLOS.

(c) TX-y/RX-y, LOS. (d) TX-y/RX-y, NLOS.

Fig. 17 Percentages of substreams in E-SDM determined according to the minimum BER criterion at
the normalized total TX power of 20 dB for the measured 4 × 4 MIMO channels.
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contrast, clearly excels in all of the MIMO configurations.
This is considered to be due to fewer-substream transmis-
sion mentioned above. As stated in Sect. 4.2, overall mini-
mum eigenvalues have noticeably lower values than the oth-
ers. Hence, unlike the WF theorem, the minimum BER cri-
terion appears to judge minimum eigenvalues unavailable.
In addition, Figs. 10 and 11 show that eigenchannels pro-
vide spatial diversity gain except the one with the mini-
mum eigenvalue as described also in Sect. 4.2. Under a con-
stant bit rate, advantages of more diversity gain obtained
by choosing fewer-substream transmission seem to greatly
outweigh the degradation caused by multilevel modulation
schemes such as 16QAM and 64QAM.

The LOS gain variation appears to cause differences
also in E-SDM BER performance and to result in a variety
of trends in resource allocation, especially for 4 × 4 MIMO
systems. For example, when AS = 0.50λ or 0.75λ in the
TX-y/RX-y orientation in the LOS condition, predominant
transmission is the two-substream transmission (in which
64QAM modulation is allocated to the first eigenchannel
with the maximum eigenvalue λ1 and QPSK modulation is
allocated to the second eigenchannel with λ2). Moreover, it
is only in these cases that we find one-substream transmis-
sion in which 256QAM is allocated to the first eigenchan-
nel. The first eigenchannel thus plays an important role in
these cases. We can see in Fig. 11(c) that the eigenvalues
λ1 for these two cases are remarkably large. As stated in
Sects. 4.1 and 4.2, the large values of λ1 are due to higher
gain in the 90◦ direction. Since the higher gain was caused
by the mutual coupling in antennas, we can say that the BER
performance of E-SDM tends to be affected by the mutual
coupling effect. For this reason, the E-SDM performance in
the TX-y/RX-y array orientation in the LOS condition con-
sequentially improves as the AS decreases.

Although as in the previous subsection we do not
present figures showing the percentages of substreams for
the 2 × 2 MIMO system, we confirmed that about 80% of
the transmission in the NLOS condition is one-substream
transmission utilizing only 16QAM. The percentage of one-
substream transmission in the LOS condition also differs de-
pending on the array configuration. In the TX-x/RX-x ori-
entation it is 87.6% for AS = 0.50λ, 93.6% for AS = 0.75λ,
and 85.8% for AS = 1.00λ, while in the TX-y/RX-y orienta-
tion it is 99.2% for AS = 0.50λ, 92.2% for AS = 0.75λ, and
74.2% for AS = 1.00λ. As in the 4 × 4 MIMO system, the
results in the 2×2 MIMO system, that are obtained when the
minimum BER criterion is used, differ from those obtained
when the WF theorem is used.

5. Conclusions

We have evaluated the performance of MIMO E-SDM in
the 5.2 GHz frequency band by using channel data measured
in indoor LOS and NLOS environments. CDFs of channel
capacities and average bit error rates were examined with
array element patterns and CDFs of eigenvalues, and were
compared with those of conventional SDM.

From the results, we found that the LOS condition, in
which there is the direct wave, gives better E-SDM per-
formance. And although channel capacities did not indi-
cate clear benefits of E-SDM, we obtained excellent BER
performance by employing E-SDM compared with conven-
tional SDM. We also found that the maximum channel ca-
pacity criterion (WF theorem) and the minimum BER cri-
terion have different characteristics with regard to TX re-
source allocation. Moreover, in the LOS condition the BER
performance especially in E-SDM strongly depends on the
MIMO configuration.

Acknowledgement

This work was supported in part by a Research Fellowship
for Young Scientists from the Japan Society for the Promo-
tion of Science.

References

[1] D. Gesbert, M. Shafi, D.S. Shiu, P. Smith, and A. Naguib, “From the-
ory to practice: An overview of MIMO space-time coded wireless
systems,” IEEE J. Sel. Areas Commun., vol.21, no.2, pp.281–302,
April 2003.

[2] A.J. Paulraj, D.A. Gore, R.U. Nabar, and H. Bölcskei, “An overview
of MIMO communications—A key to gigabit wireless,” Proc. IEEE,
vol.92, no.2, pp.198–218, Feb. 2004.

[3] I.E. Telatar, “Capacity of multi-antenna Gaussian channels,” Euro.
Trans. Telecommun., vol.1, no.6, pp.585–595, Nov./Dec. 1999.

[4] A.F. Molisch, M. Steinbauer, M. Toeltsch, E. Bonek, and
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stochastic MIMO channel model with joint correlation of both link
ends,” IEEE Trans. Wireless Commun., vol.5, no.1, pp.90–100, Jan.
2006.

[23] T. Ohgane, T. Nishimura, and Y. Ogawa, “Applications of space di-
vision multiplexing and those performance in a MIMO channel,”
IEICE Trans. Commun., vol.E88-B, no.5, pp.1843–1851, May 2005.

[24] J.W. Wallace and M.A. Jensen, “Mutual coupling in MIMO wireless
systems: A rigorous network theory analysis,” IEEE Trans. Wireless
Commun., vol.3, no.4, pp.1317–1325, July 2004.

[25] J.G. Proakis, Digital Communications, 3rd ed., McGraw-Hill, New
York, 1995.

[26] Y. Ogawa, H. Nishimoto, T. Nishimura, and T. Ohgane, “Perfor-
mance of MIMO spatial multiplexing in indoor line-of-sight envi-
ronments,” Proc. IEEE VTC2005-Fall, vol.4, pp.2398–2402, Sept.
2005.

Hiroshi Nishimoto received the B.E. and
M.E. degrees from Hokkaido University, Sap-
poro, Japan, in 2003 and 2005, respectively. He
is currently working towards the Ph.D. degree
at the Graduate School of Information Science
and Technology, Hokkaido University. His re-
search interests are in MIMO propagation mea-
surement and MIMO communication systems.
He has been a Research Fellow of the Japan So-
ciety for the Promotion of Science since 2005.
He is a student member of the IEEE.

Yasutaka Ogawa received the B.E., M.E.
and Ph.D. degrees from Hokkaido University,
Sapporo, Japan, in 1973, 1975, and 1978, re-
spectively. Since 1979, he has been with Hok-
kaido University, where he is currently a Profes-
sor of the Graduate School of Information Sci-
ence and Technology. During 1992–1993, he
was with ElectroScience Laboratory, the Ohio
State University, U.S.A., as a Visiting Scholar,
on leave from Hokkaido University. His inter-
ests are in adaptive antennas, mobile communi-

cations, super-resolution techniques, and MIMO systems. Dr. Ogawa is a
senior member of the IEEE.

Toshihiko Nishimura received the B.S.
and M.S. degrees in physics and Ph.D. degree in
electronics engineering from Hokkaido Univer-
sity, Sapporo, Japan, in 1992, 1994, and 1997,
respectively. In 1998, he joined the Graduate
School of Engineering (reorganized to Gradu-
ate School of Information Science and Technol-
ogy at present) at Hokkaido University, where
he is currently a Research Associate of Electron-
ics and Information Engineering Division. His
current research interests are in the MIMO sys-

tem using smart antenna. Dr. Nishimura is a member of the IEEE and the
Physical Society of Japan.

Takeo Ohgane received the B.E., M.E., and
Ph.D. degrees in electronics engineering from
Hokkaido University, Sapporo, Japan, in 1984,
1986, and 1994, respectively. From 1986 to
1992, he was with Communications Research
Laboratory, Ministry of Posts and Telecommu-
nications. From 1992 to 1995, he was on as-
signment at ATR Optical and Radio Communi-
cations Research Laboratory. Since 1995, he has
been with Hokkaido University, where he is an
Associate Professor. During 2005–2006, he was

at Centre for Communications Research, University of Bristol, U.K., as a
Visiting Fellow. His interests are in MIMO signal processing for wireless
communications. He received the IEEE AP-S Tokyo Chapter Young Engi-
neer Award in 1993. Dr. Ohgane is a member of the IEEE.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


