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Abstract

Time resolution of multipath delay profiles measured by using autocor-
relation of pseudonoise (PN ) code sequence is generally limited by the chip
interval of the PN code sequence. In this paper, we propose a superresolution
PN correlation method (SPM) which improves the time resolution of delay
profiles measured by the conventional PN correlation method. The SPM is
based on a decomposition of the eigenvector space of the correlation matrix
delay-profile data vector and gives the number of paths and their delay‘ times
with higher resolution. It is verified by computer simulations and experiments
using coaxial delay lines that the SPM can resolve two paths with a delay
difference of a few tenths of the chip interval. Applicability of the SPM to the
analysis of indoor multipath environment in which many delayed waves arrive

with short delay differences is demonstrated by a indoor radio propagation

experiment at 240 MHz, 810 MHz, and 2.3 GHz.
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I. Introduction

In indoor digital radio communication systems, multipath propagation due to reflection of

radiowaves by walls, office fixtures, or other furniture, can often lead to severe performance
degradation giving rise to intersymbol interference which limits the signal transmission
rate of the system. To analyze multipath propagation, delay profiles which correspond
to the impulse responses of the transmission channel are widely used in land mobile
communications[l]. In recent years, measurement of indoor delay profiles within office
and factory buildings has become an active area of research[2]. Considering the scale
of the environmental structures concerning indoor multipath propagation, the delay-time
resolution required for indoor propagation analysis is much higher than that required for
urban mobile propagation analysis.

Various methods have been employed to measure the indoor delay profiles, which are
classified as follows: 1) to measure the impulse response directly by transmitting a short
of pulse[3][4][5]; 2) to measure the channel transfer function in the frequency domain
by scanning an unmodulated carrier frequency[6][7]; 3) to infer the impulse response by
correlation techniques by transmitting a pseudonoise (PN) code sequence(8][9][10]. We
hereafter refer to the method classified into the category 3 as the PN correlation method.
The PN correlation method, owing to the process gain in the correlation process, has the
advantage over other methods due to its immunity from interference from other radio
systems operating in the same frequency band. The required transmission power spectral
density, therefore, can be much lower in the PN correlation method than in other methods.
The drawback of the conventional PN correlation method is that the delay-time resolution
1s limited to the chip interval of the PN sequence. Although high-resolution delay profiles
are necessary to analyze indoor radio propagation, almost all measurements of the indoor

delay profiles reported so far have been made using PN sequences with chip rates of several



tens of MHz, and the resultant resolution of the path difference is not less than several
meters, which is not sufficient to analyze the indoor multipath propagation in detail.

As for the method 1), there have been a few studies on application of the MUSIC
method [11] to improve the delay-time resolution [12][13]. On the other hand, 3). no
approach has been made to improve the resolution of delay profiles measured by the
method

In this paper, we propose a superresolution method to improve the time resolution of
delay profiles measured by the conventional PN correlation method[14][15]. We refer to
this method as the guperresolution PN correlatibn method (SPM) throughout this paper.
The SPM algorithm is based on the eigen—decomposition of the correlation matrix for the
delay-profile data vector similar to the MUSIC algorithm used in spectrum analyses such
as the direction-of-arrival (DOA) estimation by an array of antennas [11]. In Section II, we
formulate the delay-profile estimation problem based on the conventional PN correlation
method. In Sections III and IV, we propose the SPM to improve the delay-time resolution.
In Section V, we introduce a method to estimate the complex impulse response of the
multipath transmission channel frém the delay times estimated by the SPM. Results of

computer simulations and experiments are presented in Sections VI and VII, respectively.

1I. Delay Profiles Measured by Conventional PIN

Correlation Method

If an 1f signal u(t) is transmitted over a multipath transmission channel, the received
rf signal y(t) is expressed in terms of the convolution of the transmitted signal and the

-impulse response h(t) of the channel as

y(t) = f; R(r)u(t — 7)dr. (IL1)
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Consider a case in which the multipath transmission channel consists of M discrete paths
with different delay times. With this discrete channel model, its impulse response can be
expressed as
M
h(t) = E h.;(s(t - Z)) (H.‘Z)
1=1
where T; is the propagation delay of the 1th path, and §(-) is the Dirac delta function. For
a transmitted signal given by Re[z(t)e?**], where z(¢) is the baseband modulation signal

and w is the carrier angular frequency, the received signal is expressed in the equivalent

low-pass system as
M
o(t) =3 hiz(t — T)e 7T + u(t), (I1.3)
i=1
where v(t) is the equivalent low-pass additive white noise at the receiver input. The
additive noise v(t) is assumed to be a zero-mean stationary random process independent
of the transmitted signal.

In the conventional PN correlation method, a pseudonoise (PN) code sequence is
employed as the baseband modulation signal z(¢) to modulate the transmitted carrier.
At the receiving end, the received signal is correlated with the replica of the transmitted
PN code sequence. Then, the correlator output yields an estimate of the delay profile
of the transmission channel between the transmitter and receiver due to the fact that
the autocorrelation function of the PN sequence can be approximately given by the delta
function. If the correlation is taken over a time interval 7', the complex-valued delay

profile measured by this method is given by

2(r) = %/OTx(t — P)e(t)dt, (1L.4)

and [z(7)|* is referred to as the power delay profile. Substituting (I1.3) into (IL.4), the

delay profile can be expressed as
M .
2(1) =Y hie7*Tir(r — T2) + n(7). (I1.5)
=1
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-Tc 0 Tc

Figure II.1. Autocorrelation functions of m-sequence generated by a 10-stage
shift register without band-limitation (solid line) and with band-limitation

of BT, =1.325 (¢ = 0.1 T,,).

In (IL.5), r(7) is the autocorrelation function of the transmitted PN sequence signal given
by

r(r) = %/{)T.’z(t — 7)z(t)dt, (IL.6)

and n(r) is additive noise term given by

n(r) = %/OT z(t — T)u(t)dt. (IL7)

In measuring the delay profiles, a maximal-length shift-register sequence (m-sequence)
is commonly used as a PN sequence. However the autocorrelation function of m-sequence
is not exactly the delta function with an infinitely narrow width but a triangular function
- with a spread of £7. around the correlation peak where T, is the chip interval of the
sequence as depicted by a solid line in Fig. IL.1.} Due to this spread of the triangular

autocorrelation function, the conventional PN correlation method can not resolve the

'In addition to the triangular peak, the autocorrelation function of m-sequence has a very small
negative baseline offset. In the case of the 10-stage m-sequence, the baseline offset is —60 dB with

respect to the main peak, which is too low to be appreciable in Fig. I1.1.
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Table I1.1: Multipath transmission channel model used in Simulation I

Path Delay Time SN Ratio Relative Phase

#1 12T, 40 dB 0°
#2 1.7 T, 33 dB 180°
43 3.6 T, 20 dB 0°
! g
10 ‘.“,T...(.tu‘r;f.l.r. ...... T AL

-10 - _

20 \ -
-30- / V _

-40 ——————— T e

DELAY PROFILE (dB)

EXCESS DELAY (+ Tc)

Figure I1.2. Power delay profile of the transmission channel given in Table I by
using the 10-stage m-sequence of chip rate 7;.. Actual delay times of three

paths are identified by small arrows.

delay times of multipath components arriving within an interval smaller than the chip
interval 7} as is illustrated by a typical example given below.

Fig. II.2 shows the power delay profile calculated for a multipath model which consists
of three discrete paths, the first two of which arrive with a delay difference of 0.5 T}, and |
the third of which differs from the second by 1.9 T,. The relative delays, the signal-to-

noise ratios, and the relative phases of the three paths are given in Table II.1. Here we
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defined the signal-to-noise ratio of the ith path as |h;|*/o? where o2 is the variance of

n(r). The actual delay times of the three paths are indicated by small arrows in Fig. IL.2.
It is found that the peaks due to the first two paths overlap each other and that these two
overlapping paths form not only a sharp depression around the delay time of the second
path but also a spuriousvpeak around 2.27, by destructive and constructive interferences
of the first two paths, respectively. This example demonstrates that power delay profiles
measured by the conventional PN correlation method with insufficient resolution may
be delusive in some cases and that they cannot be used for detailed analyses of indoor
multipath environments.

Various measurements using the conventional PN correlation method have been re-
ported for indoor multipath propagation. However, almost all of these measurements have
been made using PN sequences with chip rates of several tens of MHz and the resultant
resolution of the path difference is not less than several meters which is not sufficient to
analyze the indoor multipath propagation in detail. Conceptually, the simplest method of
improving the time delay resolution of the PN correlation method is to increase the chip
rate of the PN sequence. However, this requires hardware complexity in the transmitters
and receivers. The higher the chip rate of the PN sequence, the more difficult and the
more complex it becomes to implement the digital circuitry. In what follows, we propose
another method, the superresolution PN correlation method (SPM), to improve the reso-
lution of the delay profile measured by the conventional PN correlation method without

any changes in the hardware.



I1I. Superresolution Estimation of Multipath Delay

Times

Prepare a delay-profile data vector z by sampling the delay profile z(7) obtained as a
function of relative delay 7 at the output of the correlator at K discrete delay times {r,
79, +++, 7k} such that z = (z(m1), 2(72), -+, 2(7x))". In Whait follows, we assumed that
the sampling interval is chosen to be a small fraction of the chip interval Tc of the PN

sequence. From (II.5), the data vector z is expressed as

M
z=3 hie™*Tp(T)) + n. (I11.1)

i=1

‘In (IIL.1), (T}) is the mode vector defined as »(1;) = (r(m1 —13), (7o —T13), - -+, 7 (7 = T3))?,
and n = (n(m),n(r2), - +,n(7k))", where * denotes transpose. The correlation matrix R

of this data vector z is expressed as
R = E[zz]

= 3 hih;e G~ Tp (T e (1)) + Elnnl), (II11.2)
1.
where T and * denote Hermitian and complex conjugates, respectively, and E[-] denotes

the expected value. Substituting (IL.7) into the second term in the right-hand side of

(II1.2), the noise correlation matrix E[nn'] can be expressed as
Ennll = o2R, (IIL.3)

where Rg is a symmetric matrix whose klth element is r(7. — 7). It. should be noted that
the additive noise n(r) given by (IL.7) is not white but cblored, with a finite correlation
time T., even though v(7) is white noise, and Rg, therefore, is not the identity matrix
because the sampling interval is a small fraction of 7.

Asin the MUSIC algorithm used for DOA estimation[11], ﬁhe SPM to be proposed here

is based on decomposition of the eigenvector space of the correlation matrix R into signal
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subspace and noise subspace, and the number of paths is determined by the dimension of
the signal subspace. In multipath delay time estimation, however, the dimension of the
signal subspace, i.e. the rank of the signal correlation matrix R— o2 Rg, always reduces to
unity due to the degeneracy of the signal subspace resulting from the inherent coherence
among signals arriving via different paths. Accordingly, the number of paths cannot be
determined directly form the eigen-decomposition of R. This situation is the same as that
encountered in DOA estimations by the MUSIC algorithm when the incident waves are
mutually coherent [16]. In ordef for the SPM algorithm based on the eigen-decomposition
to be applicable to this situation, the degeneracy of the signal subspace should be removed -
by dec;orrelating the mutual coherence of the multipath component signals.

The mutual coherence among different paths can be suppressed by averaging the cor-
relation matrix over a range of carrier frequencies. This averaging can be acéomplished
by scanning the carrier frequency over [wy — -A—zﬂ, wp + —A-éﬂ] around the center frequency

wp, and the resultant correlation matrix R becomes

Zhh o (B-T) Smij(ff T?)}T(Ti)r(Tj)f + 2Ry (IIL.4)

in which the mutual coherence is decorrelated according to the sinc function sinz/z as z
increases. In actual measurements, the frequency averaging may be achieved by averaging
the delay profile z(w;) sampled at discrete frequencies w; (I =1,2,-++,L) as

- 1 &
= ZZz(wl)z(wl)T. . , (IIL.5)

=1

As a result of the decorrealtion, the rank of the averaged signal correlation matrix (R —
02Ry) becomes M. Then, the number of paths and the time delay can be estimated by
an eigenvalue analysis as in the MUSIC method. Since Ry is not the identity matrix, the

eigenvalue problem to be solved is given by a general eigenvalue equation as

Re;=MRge;, i=1,2 K. (1IL6)



The number of discrete paths can be estimated by comparing the fnagnitude of the K
generalized eigenvalues of (IIL.6), i.e., if the signal to noise ratio is sufficiently high, the
M largest generalized eigenvalues are much larger than o2, while the remaining X — M/
eigenvalues are comparable to o2. A computationally stable and éﬁicient method to solve
this type of generalized eigenvalue problem is introduced in Appendix A. The eigenvectors
corresponding to the the KX — M smallest eigenvalues span the noise subspace which
is orthogonal to the signal subspace spanned by those corresponding to the M largest
eigenvalues. Once the number of paths has been estimated, a superresolufion delay profile

S(7) can be estimated by

tR—l
- 8(r) = ;EL) o (7). (IIL7)
> Ir(r) el
=1
where 7(7) is the mode vector for delay time 7 given by »(7) = (r(m — 7),7(mp —

7),+++,r(tx — 7))* [L7]. If the signal-to-noise ratio is sufficiently high, S(r) has M sharp
peaks which correspond to the delay time of the M discrete paths. Then the delay times
can be determined from the peak positions of S(r).

Although the SPM algorithm proposed here looks like the MUSIC algorithm in its
formulation, what it does is quite different. In the MUSIC algorithm, the mode vector is
formed by kernels of the Fourier transformation, and then the algorithm, when applied to
time-domain data, estimate‘s frequency domain spectra. On the other hand, in the SPM
algorithm, the mode vector r(7) is formed by triangular autocorrelation function with
finite spread, and the algorithm estimates high-resolution time-domain spectra from time

domain data.
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IV. Effects of Finite Bandwidth

Thus far, we have ignored the effects of band-limitation in transmitter and receiver. In
this case, it can be shown that, when the delay times of two or more paths fall within a
sampling interval AT between adjacent sampling times of z(7), they cannot be resolved,
since the delay times can not be uniquely determined and then the solutions are indefinite
(see Appendix B). As described in Appendix B, this is caused by the rectilinear waveform
of the triangular autocorrelation function of the band-unlimited m-sequence. |

However, in practice, transmitters and receivers are never free from band-limitation.
If one takes the finite bandwidth of the experimental system into account, the autocorre-
latioﬁ function of the m-sequence is no longer triangular, but becomes blunted. Hence, we
can get rid of the indefiniteness of the solution, and the paths arriving within a sampling
interval Ar can be resolved as shown below.

The basic configuration of the delay-profile measurement system and its approximate
equivalent low-pass system are shown in Figs. IV.1(a) and IV.1(b), respectively. In Fig.
IV.1(a), hr(t) represents the impulse response of all filtering in the transmitter, and hg(t)
represents the impulse response of all filtering in the receiver. In the equivalent low-pass
representation given in Fig. IV.1(b), all the filtering in the transmitter and the receiver
is approximately represented by an impulse response Arg(t).-

The effects of band-limitation can be taken into account in the SPM proposed in
Section III just by replacing the autocorrelation function r(r) with the band-limited

autocorrelation function given by

Fr) = -%/()Tm(t — m)[hrr(t) ® z(t)]dt
= hrr(t)® (1), (IV.1)

16



TX Antenna RX Antenna

—_—
z (1)
h T (% (1) hR (t) | Correlator F—o
TX Filter RX Filter Correlator
Output
PN
x(t) Generator x(1)
W
(a) Block diagram of the delay-profile measurement system
Noise
V(1)
x(t) V(1) 2 (7)
) h TR () > hb (t) Correlator —0
Correlator
x(t) Qutput

(b) its approximated equivalent low-pass representation (b). hy(¢) is the equivalent

M
low-pass channel impulse response. [hs(t) = 3 hie T 6(t — T0).
1=1

Figure I[V.1: Basic configuration of the delay profile measurement system
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where ® denotes convolution.

In computer simulations and the analyses of experimental results described below,
the effects of band-limitation are taken into account by assuming a Gaussian filter whose
impulse response is given by

hra(r) = —m——e 5 (1v.2)
V2T o

where o is a parameter characterizing the spread of the impulse response. The spread o

of this Gaussian impulse response is related to its 3-dB bandwidth B by o = +/In2 /27 B.
The band-limited autocorrelation function of the m-sequence generated by a 10-stage shift
register is shown by dotted curve in Fig. IL1 for band-limitation of BT, = 1.325 (¢ = 0.1

),

V. Estimation of Complex Impulse Response

Although the peak positions of S(7) give the delay times of multipath components, its
peak magnitudes are not necessarily the measure of the relative amplitudes of the mul-
tipath components. However, as long as the multipath delay times are estimated with
sufficient accuracy, the complex impulse response of the channel can be estimated by using
the estimated delay times as follows.

By using the estimated delay times 7} (z=1,---, M), the delay profile measured at

frequency w; can be expressed as

M .
z(wl) = Z hie—JwiT.'T(Ti) +n, | = ]_, 2, cee L. (Vl)
=1
Here, we define the K Lx1 vector z’' by combining L data vectors as z’ = (z(w),
z(we)!, -+, z(wr)?)?, and the impulse response vector as b = (A1, he, -+, hpr)'. The

K Lx1 vector 2z’ is expressed as

z=Ah+n/, (V.2)

18



where the KL x M matrix A is given by using the estimated delay times 7} (1 =1,2,

' ’M) as
e—waTxf,';l e—waTzf‘z ce e—leTMf‘M
e—Jw::Tx,,:l e—szTz,fqz Cas e“J‘UQTMff‘M
A= , (V.3)
e~dorhiq gmiwiTag, ... e-iorTug,,

~

where 7; is the K X 1 column vector defined as 7; = r(13).

By applying the least-squares method, an estimate of h is given by
h= (AR, A) D ATR, S, (V.a)

where Z' is the average of the observed data vector z’ taken by repetitive frequency

scanning, and Ry is the KL x KL matrix defined as

By, 0 0 0
0 Ry O 0

Roy=|0 0 Ry 0 (V.5)
0 0 0 R,

The 7th component of h gives an estimate h; of the complex amplitude of the sth path

M
and the estimated impulse response is given by A(t) = Y h;8(t — T%).
1=1
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VI. Computer Simulations

Computer simulations were carried out to demonstrate the performance of the SPM. In
the following computer simulations, a 10-stage m-sequence was employed as a PN code
sequence. After transmission through a discrete multipath channel model given by (II.2),
the received signal was assumed to be corrupted by additive white noise modeled by a

stationary complex-valued Gaussian process of zero mean.

VI.1. Simulation I

The SPM algorithm was applied to the delay profiles measured for the multipath
transmission channel model given in Table II.1. As described in Section II, the first
two paths cannot be resolved by the conventional PN correlation method. To apply the

SPM algorithm, delay profiles were obtained at 11 different carrier frequencies (L = 11)

10 v T_T’ llllll : T v [ AL L l T 7 17 3 T T 7 7 I lllllll T 7
& o- -
)
-
% -10 -
o +0.80
O ol +0.64 _
5 20 048
5 +0.32
a -80- 0.00 -
-40 T R R R R
0 2 3 4 5

EXCESS DELAY (* T¢)

Figure VI.1. Power delay profile representation of the delay profile data used in
Simulation I simulated for three-path transmission channel given in Table L.
Parameters attached to curves are the carrier angular frequency deviation

from center frequency in unit of T
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Figure VI.2. Superresolution delay profile estimated by the SPM (solid curve)
for three-path transmission channel given in Table I. The dotted curve is
the delay profile measured using the conventional PN correlation method

at carrier center frequency wy.

equispaced in an angular-frequency interval of {wy — 0.8 x T!, wy+ 0.8 x T.71] around
the carrier center frequency wy. Each delay profile was sampled with a sampling interval
of A7 = 0.27, over a delay-time interval from 0 to 57,. Fig. VI.1 shows the power
delay profiles at 11 different carrier frequencies used in this simulation®. Thus obtained
data vectors z were used to form the correlation matrix as defined by (IIL.5). The SPM
was applied to the correlation matrix R obtained by further averaging the thus obtained
correlation matrix over 10 frequency scans. In this simulation, bapd—h’mitation modeled
by a Gaussian filter given by (IV.2) with BT, = 1.325 (¢ = 0.1 T,) was assumed.

The result of applying the SPM is shown by a solid curve in Fig. VI.2 along with the

power delay profile shown by a dotted curve obtained at the carrier center frequency wy

2QOnly five profiles can be identified in Fig. VI.1 because power delay profiles for positive and negative
carrier-frequency deviations from wp by the same amount differ only in noise which cannot be appreciable

in Fig. VI.1 in this case.
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by the conventional PN correlation method. It is found that three peaks appear in the
estimated superresolution delay profile at correct positions corresponding to the actual
delay times of the three paths. It is worthwhile noting that the peak corresponding to
the second path, which cannot be identified in any of the 11 delay-profile data used in

the estimation as shown in Fig. VI.1, is clearly identified at the correct position.

V1.2. Simulation II

In order to examine the delay-time resolution of two paths with small delay~ differences,
computer simulations were carried out for a multipath transmission channel model which
consisted of two paths with equal amplitudes and equal relative arrival phases. In this
simulation, for the sake of compariéon with experiments described below, the delay profiles
were obtained at 5 equispaced frequencies over an angular-frequency interval of jwg—4.19
T7', wg+4.19 x T-'] around the carrier center frequency wp and band-limitation of
BT, = 0.7 (o = 0.19 T,) was assumed. Each delay profile was sampled with a sampling

interval At = 0.2 TC over a delay time interval from 0 to 4 7.

Solid curves in Fig. VL3 show the results of estimation for delay differences of (a) 0.5
T., (b) 0.3 T, (¢) 0.2 T, and (d) 0.15 T, when that the signal-to-noise ratio of each path
is 30 dB. Figs VI.4 and VL5 show the similar results for signai—to-noise ratios of 35 and
40 ‘dB, respectively. In fahese Figures, the delay profiles obtained by the conventional PN
correlation method at the carrier center frequency wy are also shown for comparison by
dotted curves. When the delay-time difference is larger than 0.3 7., two paths are found
to be clearly resolved by the SPM with sharp peaks pointing at the correct delay times.
For signal-to-noise ratios above 35 dB, it is found that two paths can be resolved even

when the delay-time difference is as small as 0.2 T..
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(b) Delay difference 0.3 T, (71 = 1.2T7,, T5 = 1.5T¢).
Figure VL.3. Superresolution delay profile estimated by the SPM for two-path
transmission channels for delay differences of (a) 0.5 T, (b) 0.3 T¢, (c) 0.2

T,, and (d) 0.15 T,. Signal-to-noise ratios of the two paths are 30 dB and
the band-limitation of BT, = 1.325 (¢ = 0.1 T.) is assumed.
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VI1.3. Effects of Band-limitation

The effects of band-limitation in transmitter and receiver upon the performance of the
SPM were examined by changing the bandwidth B for the Gaussian filter model given by
(IV.2) under the same condition as the case shown in Fig. VL.5(c). Figs. VL.6(a) and (b)
show the results obtained for band-limitations of BT, = 0.44 (¢ = 0.3 7..) and BT, =0.33
(o = 0.4 T,), respectively. By comparing Figs. V1.6(a) and VL.6(b) with Fig. VL4(c), it
is found, as a matter of course, that the wider the bandwidth is, the higher the delay-time
resolution is. In the case of BT, = 0.33 shown in Fig. 10, the band limita‘.tion‘is too strict
for the SPM to resolve the two paths with a delay-time difference of 0.2 T..

As a wide-band extreme, Fig. VI.7 shows the result for a fictitious case of a transmitter
and receiver without band-limitation. Since the delay time difference is equal to the
sampling interval At = 0.2 T, in this case, the solution of the SPM is indefinite as
described in Section IV, and the delay times cannot be estimated from the resultant
delay profile.

Fig. VI8 shows the effect of mismatching between the actual impulse response of
the measurement system and that assumed in the SPM algorithm. In this simulation,
multipath transmission channel consisting of two paths with equal amplitudes and equal
arrival phases was assumed, and the delay difference of the two paths was assumed to
be 0.37,. In this simulation, the data were assumed to be obtained by the measurement
system whose overall impulse response firg(t) was represented by a Gaussian filter with
BT, = 0.7. The curves in Fig. VL8 illustrate the delay profiles estimated by the SPM
assuming different bandwidths for the measurement system. Although the error in delay-
time estimation increases as the difference between the actual and assumed bandwidths
increases, the increase in error is not particularly significant when the bandwidth assumed

in the estimation is wider than the actual bandwidth, as far as the delay-time estimation is
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concerned. On the other hand, when the assumed bandwidth is narrower than the actual
bandwidth, the delay time resolution deteriorates significantly as the mismatching of the
bandwidth increases. This suggests that the bandwidth assumed in the SPM algorithm

should not be underestimated.

VII. Experiments

The performance of the SPM has been experimentally verified by applying it to coaxial-
cable delay measurements and indloOI propagation experiments. The experiments have
been carried out with a multipath delay-profile measurement system.which had origi-
nally been designed to measure complex-valued delay profiles by the conventional PN

correlation method.

VII.1. Experimental System

Fig. VIL.1 shows the block diagram of the multipath delay-profile measurement system
used in the experiments. This experimental system has a capability of measuring delay
profiles at 240 MHz, 910 MHz, and 2.3 GHz band. The basic configuration of the system
is the same as those used in the conventional PN correlation method [1] except that the
additional function of sweeping the carrier frequencies stepwise around the carrier center
frequencies enables us to obtain the frequency-averaged correlation matrix as given by
(IIL.5). The pseudonoise. (PN) generators a&: the transmitter and the receiver generate
identical 10-stage m-sequences. At the transmitter, the carrier is biphase modulated by
this m-sequence at a chip rate of 30 Mchips/s. At the receiver, the received signal is
correlated with the identical m-sequence of a slightly lower chip rate, which enables us to

obtain delay profiles by the “sliding correlation” technique {1]. The delay-time resolution
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of the conventional PN method is about 33 ns which corresponds to a spatial resolution
of about 10 m. Details of the delay-profile measurement system are described elsewhere
[18][15].

Since the autocorrelation function used in the SPM delay estimation should be the
one which takes the effects of band-limitation into account as described in Section IV,
we measured it beforehand by directly connecting the transmitter and the receiver. Since
the measured autocorrelation function was found to be approximated by the Gaussian-
filtered autocorrelation function given by (IV.1) for a Gaussian filter with BT, = 0.7 (o
= 0.19 7,). We therefore use this approximated autocorrelation function in the following

analyses of the experimental results.

VII.2. Resolution of Two Paths

Delay-’r;ime resolution of the SPM was experimentally verified for two-path transmis-
sion channels. In this experiment, the two-path transmission channel was simulated by
connecting a pair of calibrated coaxial delay lines of different lengths in parallel between
the transmitter and the receiver. Figs. VIL.2(a), (b) and (c) show the results for the 2.3
GHz band by comparing the delay profiles estimated by the SPM (solid curves) with those
measured by the conventional PN correlation method at the carrier center frequency wy
= 2.335 GHz (dotted curves). The delay profile data vectors were obtained at 5 equis-
paced frequencies over an interval of [wy —4.19 x T}, wy +4.19 x 77!} and the sampling
interval of the delay-profile data was 0.2 T, as in Simulation II. Figs. VIL.2(a), VIL2(b),
and VII.2(c) show the results for electric path-length differences of 5.6 m (0.56 T), 3.4
m (0.34 T.), and 1.7 m (0.17 T,), respectively. Although two paths were not identified in
the delay profiles obtained by the conventional PN correlation method shown by dotted

curves, two peaks were resolved in the delay profiles estimated by the SPM shown by solid
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curves for delay differences above 0.2 GHz. For Figs. VIL2(a) and VIL2(b), delay-time
differences estimated from the peak positions of the solid curves were 0.56 7., and 0.34 7.
which were in excellent agreement with actual delay-time differences.

Similar results were obtained both for 240 and 910 MHz bands. From the results of
this experiment and Simulation II, it can be concluded that the resolving power of delay-
time difference of the SPM is about 0.2 ~ 0.3 T} which corresponds to a difference in path

lengths of 2 -3 m when the chip rate of the PN sequence is 30 Mchips/s.

VIL3. Indoor Propagation Experiment

The SPM was applied to the results of the indoor propagation experiments. The
multipath-propagation delay profiles were measured in an office room within a building

by using the experimental system described in Section VII.1. Fig. VIL3 illustrates the
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Figure VIL.3. Plan of the room used in the indoor experiment. Dotted squares

indicate office fixtures.
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experimental arrangement of the transmitting and receiving antennas in the réom, The
height of the ceiling was 2.7 m. Vertically polarized dipole antennas were used for trans-
mitting and receiving antennas. The height of the transmitting and receiving antennas
were 2.1 m and 1.2 m, respectively. The delay profile data vectors were obtained at 11 eq-
uispaced frequencies over an angular-frequency interval of [wo—4.19X T wa+4.19 x Tt
and the sampling interval of the delay-profile data was 0.2 T}

Figs. VIL4(a), VIL4(b), and VIL.4(c) show the delay profiles measured in the 240
MHz, 910 MHz, and 2.3 GHz bands, respectively. In these Figures. the delay profiles
measured by the conventional PN correlation method at the carrier center frequencies and
the results of SPM are shown by dotted and solid curves, respectively.

In these Figures, it is found that six or seven peaks are resolved in the results of
the SPM (solid curves) while only three or four peaks can be identified in the delay
profiles measured by the conventional PN correlation method (dotted curves). Periodic
fine structures are found in the results of the SPM, and the positions of peaks relative
to the first peak, though some peaks are missing, are in good agreement in these three
Figures independent of the frequency band used in the experiments. These periodical
fine structures suggest the existence of multiple reflections in which waves traveling back
and forth between facing walls. From the geometrical arrangement of the transmitter and
recelver, these periodical fine structures with a fundamental period of about 1.t 7%, (= 50
ns) can be explained by the multiple reflections between the left-side and right-side walls

in Fig. VIL3 [19].
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VIII. Conclusion

In this paper, we have proposed the superresolution PN correlation method (SPM) to
improve the time resolution of d.elay profiles measured by the conventional PN correlation
method. The SPM is based on eigen-decomposition of the data correlation matrix as in
the MUSIC algorithm. Superior delay-time resolution of the SPM has been verified by
computer simulations and experiments with coaxial delay lines. This method has enabled
us to resolve the delay-time differences as small as about 0.2 7, which correspond to
a spatial resolution of about 2 m for free space when a PN sequence of 30 Mchips/s is
employed.

The applicability of the SPM to the analyses of the indoor multipath propagation
has been demonstrated by applying this method to delay profiles obtained at 240 MHz,
910 MHz, and 2.3 GHz Within an office room. Detailed analysis of the results of the
indoor propagation experiments and a modeling of the propagation within the room will

be described elsewhere [15][19].
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Appendix A

This Appendix introduces a computationally stable and efficient method to solve the

generalized eigenvalue problem given by
Re=2ARge (A.1)

where R is a positive-definite Hermitian matrix and Ry is a positive-definite symmetric
matrix [20].
Although this eigenvalue problem can be solved by transforming it into an equivalent

simple eigenvalue problem

R;'Re = Je, (A.2)

it is well known that the solution to thié problein is unstable when some of the eigenvalues
of R are very small.

Stable solution can be obtained by using the Cholesky factorization of the symmét—
ric matrix. The Cholesky factorization of the real symmetric matrix Ry with a upper
triangular matrix U is given by

Ry =U'U. (A.3)

By using this Cholesky factorization, the generalized eigenvalue problem given by (A.1)

can be written as

Ré&=)g, (A.4)
where R is a positive-definite Hermitian matrix given by
R=U"YRU, (A.5)

and

E=Ue. (A.6)



The solution of the eigenvalue equation given by (A.4) is much more stable than that of

(A.1), and the eigenvectors of (A.1) is obtained by
e=U"'é. (A7)

By using the Cholesky decomposition of the matrix R, the numerator of (IIL.7) can

be efficiently calculated by using the following equation:

r(r)Rg'r(r) = r(r)(UV) 7 r(r)

Appendix B

Let the delay profile z(r) be samplea at equispaced intervals Ar such that 7, = nA7 and
T, = nA7 where 7 is an integer. Suppose that the delay time of the ¢th path, T}, isin a
time interval given by NA7 < T; < (N + 1)A7. Then, T; = NA7 + (; where 0 < (; <
A7. In this case, it can be readily shown that the mode vector for the 7th path is given
by

r(T;) = r(NAT) 4 (AT, . (B.9)

where the [th component of Ar is given by

—1;6 for N—np+1ZI<N,
=4 L Nei<i<N4n, - (B1)
0 otherwise.
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In (B.10), ¢ is a constant determined by the length 2™ of the m-sequence as { = 2=™
where m is the number of the stages of the shift register used to generate the m-sequence.
It should be noted that r(NAT) and Ar are independent of (;. This is due to the fact
that the autocorrelation function of the m-sequence has a rectilinear waveform as shown
in Fig. IL1.

In order to examine the delay-time resolution, consider a multipath environment (M =
2) with only two paths whose delay times 7} and T, are assumed to be within a sampling
interval NAT < T, Ty < (N +1)Ar. If we ignore the noise term in (IIL.1) for simplicity,

the data vector z is given by

z = hr(T) + hyr (D) (B.11)

= (B, + B (VAT + (BLG + hiCa)Ar (B.12)

where h! = h;e™*T (i = 1,2). It can readily be shown that the set of variables
{hY, {1, hY, (o} which satisfles (B.12) cannot be uniquely determined for given data vector
z. This implies that the delay times of two or more paths arriving within a sampling inter-
val AT cannot be determined uniquely when the measurement system is band-unlimited.
This indefiniteness is a direct consequence of the rectilinear wave form of the triangular
autocorrelation function and can be evaded when the band-limitation of the system is

taken into account.
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