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Effect of Delay Spread Enhancement in MIMO Eigenbeam Space
Division Multiplexing Transmission

Satoshi TAKAHASHI†∗a), Chang-Jun AHN†, Hiroshi HARADA†, and Yukiyoshi KAMIO†, Members

SUMMARY MIMO (multiple-input multiple-output) transmission is a
promising technology to improve the frequency usage efficiency in mobile
radio communications. In this letter, MIMO transmission with eigenbeam
space division multiplexing (E-SDM) is focused on and the site-dependent
beamforming characteristics is examined to know the transmission char-
acteristics. Site-dependent radiowave direction of arrival and impulse re-
sponses are obtained using ray tracing. Result shows that effect of ra-
diowaves with longer delays is enhanced due to E-SDM beamforming, and
rather more capability of treating a longer excess delay is necessary for
time-domain multipath compensation.
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1. Introduction

For mobile communications, it is expected to convey much
more information in the limited radio resource. A promis-
ing technology for the demand is the MIMO (multiple-
input multiple-output) transmission that employs multiple
antennas for both the transmission and reception sides and
that transmits different data simultaneously at the same fre-
quency. MIMO transmission can increase transmission ca-
pacity with the space division multiplexing (SDM).

SDM transmission uses mutually orthogonal channels
in the space to transmit data. SDM transmission can be clas-
sified into the replica elimination and the eigenbeam space
division multiplexing (E-SDM). One of the replica elimi-
nation is the spatial filtering proposed in the BLAST (Bell
Laboratory Layered Space-Time) architecture [1]. For the
joint detection, the use of the orthogonal polarization anten-
nas with pre-phase distortion has been proposed to improve
the performance [2]. On the other hand, an E-SDM system
transmits different substreams by means of the mutually or-
thogonal eigenbeams. An E-SDM system obtains the chan-
nel response matrix, determines the antenna weights of both
the transmission and reception in accordance with the chan-
nel response matrix, and applies the adaptive modulation to
each substream from the eigenvalue of the matrix to min-
imize the mean BER for all substreams [3]. Performance
comparison between the BLAST and the E-SDM has been
made [4], and E-SDM transmission performance in the pres-
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ence of error in the channel response matrix has also been
evaluated [5].

In this letter, the site-dependent beamforming is exam-
ined to know E-SDM transmission characteristics. After in-
troduction of E-SDM transmission, site-dependent direction
of arrival (DOA) and impulse responses are obtained using
ray tracing and the effect of the E-SDM beamforming on the
delay spread of a data transmission substream is analyzed.

2. E-SDM Transmission

In order to describe the E-SDM transmission, Fig. 1 is
used. In a multipath environment, an E-SDM transmission
system as illustrated in Fig. 1(a) transmits the substreams
s1, s2, . . . to mutually different directions and receives these
substreams. The E-SDM beamforming adjusts the transmis-
sion and reception antenna weights so that the 1st eigen-
beam between s1 and r1 be the maximum ratio combining
for the 1st substream. Other eigenbeams orthogonal to the
1st eigenbeam are also be formed as long as the existence
of the array degree of freedom, though the substream gain
reduces as an increase in the eigenbeam number.

The derivation of the optimum antenna weights is pos-
sible by using the singular value decomposition of the chan-
nel response matrix whose elements represent the complex
amplitudes of all combinations among the transmission and
reception antennas at the operating frequency. Here we use
a channel model shown in Fig. 1(b), and the E-SDM eigen-
beam transmission based on the nt transmission antennas

Fig. 1 E-SDM transmission: (a) the concept and (b) the antenna weights
determination.
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and nr reception antennas is assumed. The transmission ar-
ray output x is expressed as

x = wt s, (1)

where s shows the independent substreams s1, s2, . . . , snt and
wt ∈ Cnt×nt is the transmission antenna weights matrix that k-
th row expresses the weights for substream k. The reception
array input y is

y = H x, (2)

where H ∈ Cnr×nt is the complex channel response matrix.
Then the reception output r (= [r1, r2, . . . , rnr ]

T) is

r = wr y = wr H wt s + n, (3)

where wr ∈ Cnr×nr is the reception array weights matrix,
and n is the receiver noise. Then we perform the singular
value decomposition H = U ΣVH, where U ∈ Cnr×nr and
V ∈ Cnt×nt are the left- and right singular value matrices
and are unitary matrices. Σ ∈ Cn×n[n = min(nt, nr)] is the
singular value matrix and is the diagonal matrix whose ele-
ments λ1, λ2, . . . , λn are associated with the substream am-
plitude gains of

√
λ1,
√
λ2, . . . ,

√
λn ∈ R, and H expresses

Hermitian operation. A unitary matrix Q ∈ Cn×n has the re-
lationship of QH Q = Q QH = I (I is the unity matrix), and
therefore we substitute wt and wr for V and UH, then Eq. (3)
is rewritten as

r = UH U ΣVH V s + n = Σ s + n. (4)

Equation (4) represents that the orthogonal transmission
with the substream gains of

√
λ1,
√
λ2, . . . ,

√
λn can be

made by the eigenbeams.
The k (= 1, 2, . . . , n)-th transmission array response

Dt(θ, φ, k) is expressed as

Dt(θ, φ, k) = wH
t (k) P(θ, φ), (5)

where wH
t (k) is the transmission antenna weights for sub-

stream k and is the k-th row extraction of wH
t , and P(θ, φ) is

the array propagation vector defined by

P(θ, φ) = exp

{
j

2π
λ
vT L(θ, φ)

}
, (6)

where v is the antenna location matrix with respect to the
origin, λ is the wavelength, and L(θ, φ) is the look direction
vector defined by

L(θ, φ) =


cos θ sin φ
sin θ sin φ

cosφ

 . (7)

The reception array response Dr(θ, φ, k) can also be ob-
tained.

3. Substream Impulse Responses in E-SDM Transmis-
sion

Three dimensional ray tracing is used for examining the im-
pulse responses modified by E-SDM beamforming. In order

Fig. 2 An example of an indoor layout.

to accurately obtain site-dependent DOAs as well as im-
pulse responses, the image-based ray tracing [6] is used.
An example of an indoor layout used here is shown in
Fig. 2. The layout is closed-space and has a 3-m ceiling.
The relative permittivity and the conductivity for all walls
are set to 59 and 2 × 10−3. There are situations that the
transmission and reception antennas are either line-of-sight
or non line-of-sight as the reception antennas move along
with the measurement course shown in Fig. 2. A frequency
of 3.35 GHz and four 1-m height half-wavelength spacing
vertically-polarized dipole antennas for both the transmis-
sion and reception are assumed.

For each reception antenna location, ray tracing is per-
formed to pick up direct, reflection, penetration, and diffrac-
tion radiowave paths between the transmission and recep-
tion antennas. The sum of the numbers of reflections and
penetrations is limited within 5, and the number of diffrac-
tion is 1. Then the complex amplitudes of these paths are
calculated at the operating frequency. An amplitude of each
reflection or penetration path is calculated using the Fres-
nel’s equation, and an amplitude of a diffraction path is ob-
tained from the uniform theory of diffraction (UTD) by as-
suming perfect conducting surface near the diffraction point
[7]. Due to the transmission and reception antenna directiv-
ity, the all amplitudes are then attenuated according to the
ray directions at the transmission and reception antennas.
After that the amplitudes are summed up to obtain the chan-
nel response. These procedures are repeated for all combi-
nation of transmission and reception antennas to fill all el-
ements of H, then the singular value decomposition is per-
formed to derive the array weights matrices wt and wr, and
the array responses Dt(θ, φ, k) and Dr(θ, φ, k) are calculated
using Eq. (5). The receiver noise is set to zero since we fo-
cus on the effect of multipath. After obtaining the array re-
sponses, the impulse responses on a substreams are obtained
by ray tracing with the equivalent single-antenna (single-
input single-output: SISO) transmission that the transmis-
sion and reception points are at the centers of the antenna
arrays. The impulse responses on the substream are then
modified by the multiplication of the directivity the array re-
sponses at the transmission and reception antennas. Exam-
ples of the transmission array response |Dt(θ, φ, k)|φ=π/2 and
the reception array response |Dr(θ, φ, k)|φ=π/2 for the first-
and second eigenbeams are shown in Fig. 3.

In a multipath environment, the instant path gain fluc-



LETTER
1933

Fig. 3 Examples of the array responses: the 1st eigenbeam for the trans-
mission (a) and reception (b), and the 2nd eigenbeam for the transmission
(c) and reception (d).

Fig. 4 Instant path gain and absolute path gain for single antenna trans-
mission.

tuates as the reception antennas move. In this letter, path
gain obtained from the sum of absolute path amplitude (ab-
solute sum) is used to remove fluctuations extraneous to the
site-dependent radio propagation. Instant path gain and the
absolute sum path gain are compared in Fig. 4 for single an-
tenna transmission for the layout shown in Fig. 2. Here we
define the distance as distance between the centers of the
transmission and reception antenna arrays.

Absolute sum path gains for the single antenna, the 1st-
and 2nd eigenbeams of the E-SDM transmission are com-
pared in Fig. 5 when the reception antennas move along the
measurement course. According to Fig. 5, the path gain of
the 1st eigenbeam substream is higher than that of the single
antenna transmission, and the path gain of the 2nd eigen-
beam substream is higher than the single antenna transmis-
sion one more than half of the all locations. E-SDM eigen-
beam transmission is expected to have better performance

Fig. 5 Absolute sum path gain comparison among the single antenna, the
1st- and 2nd eigenbeams of the E-SDM transmission.

than the single antenna transmission.
The estimated impulse responses of the substreams are

plotted in Fig. 6 when the reception antenna array location
is the right edge on the receiver movement course in Fig. 2.
The impulse responses for the single antenna transmission
are also plotted for comparison. The abscissa shows the
absolute delay that the radiowave propagates between the
transmission and reception antennas. There was a slight
difference between the single- and eigenbeam impulse re-
sponses where an absolute delay was shorter than 150 ns, but
the responses with an absolute delay longer than 150 ns var-
ied. The corresponding distance associated with the abso-
lute delay is 45 m, and the scale of the layout is several tens
meters. A radiowave with an absolute delay of shorter than
150 ns may contribute the regular E-SDM transmission. On
the other hand, a radiowave that have a longer absolute delay
than 150 ns comes from multiple reflections. The result sug-
gests that the E-SDM beamforming enhances the multipath
signals because it aggregates multiple reflections signals as
well as direct or single reflection signals, and that the trans-
mission performance on E-SDM transmission degrades due
to the multipath enhancement effect.

4. Delay Spread Enhancement due to E-SDM Beam-
forming

In order to examine the site-dependent beamforming charac-
teristics, we use the path gain dependence of delay spread.
The result for each eigenbeam substream is shown in Fig. 7.
If we express power impulse responses f (τ) in terms of an
excess delay τ that is the relative delay difference between
the impulse-response delay and the first impulse-response
delay, the delay spread S is defined by

S =

√
1

Pm

∫ t1

0
τ2 f (τ)dτ − T 2

d , (8)

where Pm is the mean reception power defined by Pm =∫ t1
0

f (τ)dτ, t1 is the maximum excess delay, and Td is the

mean delay defined by Td = 1/Pm

∫ t1
0
τ f (τ)dτ. In Fig. 7,
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Fig. 6 Impulse response modifications due to E-SDM transmission: (a)
1st eigenbeam, (b) 2nd eigenbeam, (c) 3rd eigenbeam, and (d) 4th eigen-
beam. Fig. 7 Path gain dependence of delay spread: (a) 1st eigenbeam, (b) 2nd

eigenbeam, (c) 3rd eigenbeam, and (d) 4th eigenbeam.
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the dependence for the single antenna transmission is also
plotted, and they were concentrated. In contrast, the plots
for the 1st, 2nd, 3rd, and 4th eigenbeam substreams var-
ied significantly. The dependence of 1st eigenbeam trans-
mission demonstrates that the delay spreads are almost the
same as the single antenna transmission, and the path gain is
10 dB higher than the single antenna transmission one. The
variation of the plots increases as the eigenbeam number in-
creases. As an increase in the eigenbeam number, the delay
spread increased and the path gain decreased. These figure
exhibited that the 1st eigenbeam transmission had larger de-
lay spreads than that of the single antenna transmission, and
the fact shows that the E-SDM beamforming emphasizes the
effect of radiowaves with the long excess delays. In particu-
lar, the delay spread for the 4th eigenbeam substream was as
large as two times than that of the single antenna transmis-
sion. Therefore rather more capability of treating a longer
excess delay is required for the time-domain equalization
such as the guard interval insertion in OFDM transmission.

5. Conclusion

Site dependence of E-SDM beamforming was examined to
know the characteristics. Ray tracing was used to obtain
radiowave direction of arrival and impulse responses, and
the delay spread were calculated for each eigenbeam sub-
stream. The result showed that the beamforming increased

the reception signal power, but it also emphasized the effect
of radiowaves with long excess delays. The delay spread
for a higher eigenbeam substream was as large as two times
than that of the single antenna transmission, and therefore
rather more capability of treating a longer excess delay is
required for time-domain multipath compensation.
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