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SUMMARY  Direction of arrival estimation of coherent multipath
waves by using superresolution technique often requires decorrelation
preprocessings. Spatial smoothing preprocessings are the most popular
schemes as the techniques. In mobile environment, position change of the
target/transmitter often brings us decorrelation effect. In addition, multiple
signals transmitted by an antenna array, such as a MIMO transmitter, can
also cause the same effect. These effects can be categorized as the spa-
tial smoothing preprocessing at the transmitter. In this paper, we analyze
the spatial smoothing effect at the transmitter in the presence of multipath
coberent waves. Theoretical and simulation results show that the spatial
smoothing at the transmitter has a good feature in comparison with the
conventional SSP at the receiving array. We also show that better decorre-
lation performance can be obtained when the SSPs at the transmitter and
receiving array are applied simultaneously.

key words: DOA estimation, decorrelation preprocessing, multipath, spa-
tial smoothing preprocessing

1. Introduction

Direction of Arrival (DOA) estimation is one of the impor-
tant applications in the signal processing array. For the DOA
estimation in indoor or urban propagation environments, we
have to resolve coherent and/or highly correlated multipath
waves. There are many algorithms for the DOA estima-
tion. Superresolution techniques are the most popular algo-
rithms among them because of their high resolution capabil-
ities. However, subspace-based superresolution techniques,
such as the MUSIC [1] or the ESPRIT |2] algorithm, can-
not resolve the coherent waves directly. To overcome this
difficulty, so-called Spatial Smoothing Preprocessing (SSP)
[3] and/or its modified technique called Forward/Backward-
SSP (FB-SSP) [4],[5] are often employed as the decorre-
lation preprocessing scheme. These methods utilize over-
lapped subarrays at the receiving array.

In this paper, we analyze the spatial smoothing effect
at the transmitter, that is sources or transmitting targets to
be estimated for their DOAs. For the DOA estimatiosi of the
targets in the mobile environment, the targets often move
during snapshot acquisition at the receiver. In the line-of-
sight propagation environment without any multiple reflec-
tions, we can easily understand that a displacement of the
source is equivalent to that of the receiving array without
the source displacement, which corresponds to the conven-
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tional SSP. Clearly, these problems are equivalent and bring
us the same decorrelation effect. However, in the multipath
environment, they are not the same. The reflected wave can
be modeled by the wave from an image source. Therefore
displacement-direction of the direct waves and that of the
reflected waves are different.

In this paper, the decorrelation effect of displacement
of the transmitter(s) in the multipath environment is ana-
lyzed, and it is shown that the preprocessing by using this
effect enhances signal decorrelation performance. Hence,
DOA estimation accuracy of the superresolution technique
can be improved. As denoted above, this preprocess-
ing can be considered as a spatial smoothing preprocess-
ing at the transmitter, therefore we call the scheme as the
transmitting-SSP in this paper. For simplicity, we realize
the transmitting-SSP by using displacement of the transmit-
ter/source. However, the transmitting-SSP can be also real-
ized by using closely spaced elements, or an array, whose el-
ement transmits independent signal with each other. There-
fore the preprocessing would be easily applicable to the
MIMO transmitters.

In this paper we formulate the problem of DOA es-
timation in the multipath environment including displace-
ment of the transmitter, and derive decorrelation perfor-
mance of the proposed transmitting-SSP theoretically. Per-
formance of the proposed scheme is verified numerically by
computer simulations. The results show that the proposed
scheme has several desired decorrelation characteristics; 1)
The transmitting-SSP can often destroy signal correlation
of closely spaced two waves effectively though the conven-
tional SSP at the receiver cannot work well for the waves.
2) Decorrelation performance enhancement can be obtained
when we apply the transmitting-SSP and the conventional
SSP simultaneously. DOA estimation results of the MUSIC
algorithm with each decorrelation scheme are also provided
to show the availability of the proposed scheme. Perfor-
mance of the proposed scheme also depends on displace-
ment directions of the source/transmitter itself and their im-
age source, as well as the DOAs. The concept for the decor-
relation based on the image theory can be also found in the
delay estimation by using swept frequency data [6].

When the proposed transmitting-SSP can destroy the
signal coherence properly, we do not have to apply the con-
ventional SSP at the receiver. This means that an array with
arbitrary geometry at the receiver can be employed, and de-
tect L-1 waves can be detected with an L-element array.
This is also one of the advantages of the transmitting-SSP
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scheme.
2. Problem Formulation

The DOA estimation environment considered in this pa-
per is shown in Fig. 1. For simplicity, the number of the
sources/transmitters is assumed to be 1. An L-element uni-
form linear array (ULA) with element spacing of Ax is em-
ployed in this analysis.

As shown in Fig. 1, it is assumed that there is a wall
whose reflection coefficient is y near the transmitter, thus
the array receives the direct wave from the transmitter, Tx(ll),
and its reflected wave by the wall. The direct and reflected
waves are completely correlated, or coherent.

According to the image theory, the reflected wave of
Tx(ll) can be modeled as the wave transmitted by the im-

age source, Txgl) as shown in Fig.1. Here, we also add

Tx(li),T x(zi),i = 1,2,.-- , My, in the figure to consider the
effect of displacement of the transmitter. Angles, ¢; and ¥,
are the direction of the source displacements, and Ad is the
separation between Tx% and Tx"*". ¢ is angle of the wall
surface, where & = 0 means that the wall surface is directed
parallel to the broadside direction of the receiving array.

The received signal corresponding to each waves at the
reference element of the receiving array (Rx;) can be given
by

50 = st - e, (12)
k o~ d

ém=y;w~mkﬂﬁ, (1b)
2

where s(t) is the transmitting signal of Tx(ln, A denotes wave
length, and d; is distance between the transmitter and the
reference element of the receiving array. d, is the propaga-
tion distance of the reflected wave. 7;, and k are the delay
time of the i-th wave and an arbitrary coefficient, respec-
tively. It is also assumed that the source/transmitter is lo-
cated in the far-field region. With these assumptions, the

Fig.1  Antenna layout and multipath signal model.
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received data vector of the array can be written by

r(t) = As'(¢) + n(2), 2)
where

r@) = (@), i@, 3)

A = [a(61), a(82)], C))

a(ei) = [l,e_jznA/I—X sinﬂj,_ . _,e—jZﬂ(L_/ll)Ax SiHQi]T, (5)

§'(0) = [s1(0), 550, (6)

n(t) = lnl(t)a Tt nL(t)]Ta (7)

The angles, 8; and 6,, denote the DOA of the direct and the
reflect wave, respectively. n;(¢) is the additive white Gaus-
sian noise having power of 2, and 7 denotes the transpose.

3. Spatial Smoothing Preprocessing at the Transmitter

3.1 Effective Correlation Coefficient of the Proposed
Scheme (Transmitting-SSP)

The proposed transmitting-SSP is the decorrelation prepro-
cessing scheme by using displacement of the transmitter.
As denoted in the introduction, closely spaced sources that
transmit independent signal with each other can obtain al-
most the same effect. Since we assume that the source exists
in the far-field, the DOAS of the sources including the image
source can be assumed to be unchanged by the displacement
of the transmitter when the displacement is small. Here, the
direct waves from Tx(ll) and Tx(lz) are denoted by s(ll)(t) and
s(lz)(t), respectively. In this case, these waves have the prop-
erty of E [s(ll)(t)s(f)*(t)] = 0 when we have enough snapshot
data at each position. This is the simplest model of the trans-
mitting SSP, however the model can be easily extended to
M;, sources.

The proposed transmitting-SSP is defined by the aver-
age among the cotrelation matrices of the data vector at the
receiver for these M, transmitting signals, s(lm)(t), m=1~
M,,. If the received data contain a multipath wave of the
transmitter, we can obtain decorrelation effect by this aver-
aging scheme. The received data vector for the transmitter
Tx(ll),i =1,2,---, M, is given by

-1
Fam(®) = A DIV (1) + (), m=1,2--, M,
(3
where
D e—jzﬂ' Ad sin[(l@l +) O
- D,= 0 RS ©)

The preprocessed data correlation matrix R, by the pro-

posed scheme and the signal correlation matrix :S'-,r, can be
written by
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1 M)’r ] M!r
Er = — Rm = E Fm H
; M, n; M, ,,Zf Lr rmm]
= A8, AL + o, (10)
1 Mt?‘
< m—1 m—1\H
Sr =3 ’;{Dlr SO
7 2 P
S PS5

) (1D

2
% IE S o’
P15, |52’

where E[-] denotes the ensemble averaging, and p;, is the ef-
fective correlation coefficient. The effective correlation co-
efficient, p;., by the proposed transmitting-SSP can be de-
rived by

SIn(Moter) — jcot,~tyu,
= - e )
M, sinu,,

ty = o Sin@ SN2, (12b)

(12a)

Prr

where we use the property ¥ =y = —fs.

3.2 Effective Correlation Coefficient of the Combined
Scheme

The conventional SSP (at the receiving array) is a well-
known decorrelation preprocessing scheme for ULAs. This
SSP is defined by the averaged data correlation matrix of the
overlapping subarrays. We call this preprocessing receiving-
SSP in the following discussion.

The proposed transmitting-SSP and receiving-SSP are
the independent preprocessing, therefore we can apply these
preprocessings simultaneously. Effect of the combined pre-
processing can be derived easily.

The effective correlation coefficient p,. between the di-
rect wave and reflected wave, impinging from 6; and 65, re-
spectively, by the receiving-SSP[3], is given by

_ sin(Mu) oM
Msinu ’

A
u= ﬂ—/{-c(sin 6, — sin6y), (13b)

(13a)

re

where M is number of the subarrays.

As shown here, only DOAs of the incident waves are
the parameters which relate to the effective correlation coef-
ficient. DOAs of the incident waves are assumed to be un-
changed by the transmitting-SSP, hence the effective decor-
relation coefficient by the combined scheme, p, can be easily
derived by p = prepsr- ,

Consequently, the signal correlation matrix S obtained
by the combined scheme can be given by

2 ;
’ 7k
51 ps|sy

§=[

2
® Sk s
PS5, |S2|

[ ’Sll |2 preptrS,l Sé* ]
= . (14)

2
* * JIx 7 s
preptrsl S2 52
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This means that we can enhance the signal decorrelation ef-
fect by this combined scheme. The combined scheme is de-
noted by “transmitting/receiving-SSP” in the next section.
Similarly, we can also apply the forward/backward averag-
ing [4], [5] in addition to the combined scheme [7].

4. Numerical Study of the Proposed Schemes
4.1 Comparative Study of the Decorrelation Effect

The magnitude of the effective correlation coefficient by
each preprocessing scheme for various DOAs of two co-
herent waves are shown in Figs. 2 and 3. Figures 2 and 3
show an example of the magnitude of the effective correla-
tion coefficients obtained by the proposed transmitting-SSP
and receiving-SSP, respectively. In these figures, the wall
surface is directed to broadside direction of the receiving
array (¢ = 0), and the element separation of the receiving
array (Ax) is 0.51. The displacement of the transmitter (Ad)
is also 0.51 whose direction (i) is 0 degree. The hatched

] 2|
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Fig.2  Magnitude of the effective correlation coefficient of the
transmitting-SSP. Ax = Ad = 4, ¢y =~y = 0, = 0.
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Fig.3 Magnitude of the effective correlation coeflicient of the receiving-
SSP.Ax = 4,£=0.
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Fig.4 Magnitude of the effective correlation coefficient of the
transmitting/receiving-SSP. Ax = Ad = % Y1=—yp=0,6=0.

parts in these figures are the area where 7; > 7,. We assume
that the wave coming from 6; with time-delay of 7; is the
direct wave, then the waves should hold 7 < 7.

As shown in Fig.3, the decorrelation effect of the
receiving-SSP is relative small for the closely spaced inci-
dent waves, that is |p,| ~ 1 for the waves having 6; ~ 6,.
In such a case, we can hardly obtain the high-resolution
property of the MUSIC algorithm since the incident waves
are still almost coherent or highly correlated. As shown in
(13a), the decorrelation performance of the receiving-SSP
almost depends on the angle-difference (|sinf; — sin &]).
To realize high-resolution DOA estimation, the area where
DOAs of the waves are closely spaced is important.

On the other hand, the magnitude of the effective cor-
relation coefficient of the proposed transmitting-SSP can be
small even when the angle-difference is small, except for
the broadside and endfire direction of the receiving array
(6; =~ 6, ~0° =~ 90°) in the example shown in Fig. 2. Note
that the decorrelation performance of the transmitting-SSP
depends not only on the displacement of the transmitting an-
tenna, but also on the displacement direction i and the wall
direction £ as shown in (12a). The proposed scheme cannot
work effectively where 6; >~ —6, in this example.

Magnitude of the correlation coefficients for the
transmitting/receiving-SSP for various ¢; and 6, are shown
in Fig. 4. The magnitudes shown in this figure corresponds
to those of Fig. 3 multiplied by those of Fig.2. Therefore
this method brings us enhanced decorrelation effect than that
of the transmitting or receiving-SSP alone. Disadvantages in
each preprocessing can be recovered by the combined pre-
processing.

4.2 Characteristic of Decorrelation for Transmitting-SSP

As we mentioned in (12a) and (12b), the decorrelation per-
formance of the transmitting-SSP also depends on displace-
ment direction of the transmitter and wall surface direction
in addition to the DOAs of the waves. The effective corre-
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Fig.5 Magnitude of the effective correlation coefficient in various di-
rections of the wall and transmitter-displacement by the transmitting-SSP.
9] = 300,02 = —300, Ax=Ad = %, g[q = —¢12'

lation coefficients in various & and ¢; are shown in Fig. 5.
In this figure, the direction of the direct wave is 8; = 30°,
and the DOA of the reflected wave is §, = —30°. The verti-
cal and horizontal axises in the figure show the directions of
the wall (£) and the transmitter displacement (i), respec-
tively. The point (1,€&) = (0,0) in Fig.5 corresponds the
point of (81, 6) = (30°, -30°) whose correlation coefficient
is almost 1 in Fig.2. Therefore when the direction of the
target displacement(s) is known apriori, we can select the
proper &, which is equivalent to charge broadside direction
of the receiving array to obtain the best performance of the
transmitting SSP.

5. Simulation Results
5.1 DOA Estimation by the Root-MUSIC Algorithm

In this section, we provide the DOA estimation results of
coherent 2 waves by using the Root-MUSIC algorithm [8]
with each decorrelation preprocessing. In the simulations,
we select the antenna layout and multipath waves as shown
in Fig. 1. The 4-element ULA (L = 4) with the clement
spacing of Ax = 0.52, where 4 = 12.5cm (frequency
f=2.4GHz), is employed. The displacement of the trans-
mitting antenna for the transmitting-SSP is Ad = %, and
its direction is —x (¢; = 0). Also, it is assumed that the
wall which has the reflection coefficient of y = -1 is lo-
cated parallel to the y-axis (¢ = 0). The distance d; in
Fig. 1 is selected as 25 m. The number of the snapshots for
the receiving-SSP is 100, and SNR of each wave is 20 dB.
When we apply the transmitting-SSP, we should obtain sev-
eral snapshots at the each transmitter position. In this simu-
lation, we assume that we can obtain 100 snapshots at each
transmitter position in the transmitting-SSP.

The DOA estimation error is evaluated by the RMSE
(Root Mean Squared Frror) and detection probability. The
RMSE in this evaluation is defined by
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Fig.6 Magnitude of the effective correlation coefficient by. variation of
reflected waves DOA. 61 = 30°, Ax = Ad = £, 41 = ~¢p = 0,£ = 0.
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RMSE:\J~Z(L 1)* +(6a; — 62) (15)

where N denotes the number of trials, and 9[,,- denotes the
estimated DOA of the I/th wave at the ith trial. In the sim-
ulations, the DOA of the direct wave (8;) and its distance
(d1) hold on 30° and 25 m, respectively. The DOA of the
reflected wave is varied by the location of the wall (x,, in
Fig. 1). The number of the trials is N = 1000. In these situ-
ation setup, the maximum variation of 6; by the transmitter
displacement was only 0.14°, that is negligibly small. Also,
the target is located in the far-filed region, hence the differ-
ence of the attenuation at each element of the receiving array
can be omitted.

5.2 DOA Estimation Results

The theoretical values of the magnitude of effective cor-
relation coefficients by each preprocessing are plotted in
Fig. 6. Figure 7 show examples of the DOA estimation for
the waves having 8; = 30° and 6, = 37° by the MUSIC
algorithm [1] with each preprocessing. Since the effective
signal correlation between the waves by the receiving-SSP
is still high, as shown in Fig. 6, we cannot resolve the DOAs
by the conventional scheme. When the transmitting-SSP is
applied, we can almost resolve these two waves. The MU-
SIC spectrum can be further improved when we employ
the combined preprocessing (transmitting/receiving-SSP).
From there results, we can say that the transmitting-SSP is
available for DOA estimation to enhance the decorrelation
effect in coherent multipath environment.

The RMSE of the DOA estimation results and the de-
tection probability by the Root-MUSIC algorithm with each
scheme in various #, are shown in Figs. 8(a) and 8(b), re-
spectively. The hatched area is the area where we cannot
carry out the estimation because we assume 7, < 7 in this
setup. As shown in these figures, the RMSE is large and de-
tection probability becomes low at the angles where the ef-
fective correlation coefficient is still high. In this simulation,
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Fig.7 MUSIC spectrum. 61 = 30°, 6, = 37°, Ax = Ad = 4,y =
—y=0,6=0,d =25m.

RMSE [deg.]
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Fig.8 RMSE and detection probability of estimated DOA by variation
of reflected waves DOA (6; = 30°, 6, =37°, Ax=Ad = 4,y =~y =0,
E=0,d; =25m).

the algorithm with the transmitting-SSP can work properly
to resolve the waves having DOAs of 6, =~ 6y (6, # 6y),
that is closely spaced two waves, while the method cannot
resolve the DOAs those having DOAs of 6, ~ —6;. On
contrary, the algorithm with the receiving-SSP cannot work
well for the waves having 6, =~ 8; (6, # 6), and can work
properly for the waves of §; =~ —6;. From these results,
it can be said that the combined method, the Root-MUSIC
algorithm with the transmitting/receiving-SSP, can resolve
these DOAs in almost all angles except for extremely closed
DOAs (6, = 6,).

6. Conclusions

In this paper, we have proposed the transmitting-SSP
scheme as a correlation suppression method and analyzed its
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performance theoretically. The transmitting-SSP can be re-
alized by using moving targets/transmitter during snapshot
acquisition and/or closely spaced transmitters which trans-
mit independent signals. The decorrelation performance of
the proposed scheme is also verified theoretically and nu-
merically. In addition, availability of the scheme for the
MUSIC algorithm is also demonstrated by the computer
simulations. From these results, it can be said that the pro-
posed scheme can often recover the difficulty of the conven-
tional SSP at the receiving array and achieve the superior
decorrelation performance. Although the decorrelation ef-
fect by the transmitting-SSP is varied by the direction of the
wall and transmitter displacement, the decorrelation perfor-
mance can be enhanced when we apply the “transmitting-
SSP” scheme and. the conventional scheme simultaneously.
Further decorrelation performance can be also obtained by
the forward/backward averaging in addition to the combined
scheme. Analysis of the decorrelation performance by the
proposed scheme in various multipath environments still re-
mains to be solved. This will be done in near future.
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