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A wide variety of acoustic systems has multiple sources and receivers. This paper proposes a
technique for making acoustic measurements simultaneously for multiple sources. The proposed
technique features a collection of excitation signals of the maximum-length seq(Mh&¢ and
MLS-related classes. Each signal in the set has a pulse-like autocorrelation function, and the
cross-correlation functions between arbitrary pairs of signals drawn from the set have peak values
that are significantly lower than the peak magnitude of the autocorrelation functions. The proposed
method is particularly valuable when characterization of multisource, multireceiver system must be
accomplished in a limited time period. Both simulation and experimental results are presented that
demonstrate the feasibility and fidelity of the proposed techniques in characterizing acoustic
systems. ©2005 Acoustical Society of AmericdDOI: 10.1121/1.1868252
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I. INTRODUCTION source, multireceiver system characterization tasks must be
. d&r hni ) . Iaccomplished in a limited time period.
A pfrewogs plalp prhesented atechnique u_smgi reciprocal 1 sec. Il we discuss the desired correlation properties of
Sa'rf 0 maxmr:a- enlgt sequencgdLSs) in IS|mu taneous  5.oustic excitation signals that would be needed to accom-
ual-source channe measurem:nts. Impulse rclespon_ses tb‘ﬁ’sh simultaneous multiple source measurements in an ideal
tween two separate sources and one or several receivers égse. We then briefly describe suitable sets of acoustic sig-
acoustic systems can be determined simultaneously. The iz 5 haged on binary MLSs and MLS-related sequences. This
multaneous dual-source measurements exploit - excelleffioging relies heavily on the literature in the spread spectrum
cross-correlation properties of remproce}l M!_S pairs. ONCe.;mmunicatior?56 Using these sets, simultaneous channel
the 'number of smultangous sources 1 higher than WOy a4 cterization can be accomplished to a suitable degree of
stralghtforward use ,Of reciprocal MLS pairs cannot mget thPaccuracy. In Sec. Ill we present simulation and field mea-
need. Special attention must then be given to generation of &, .ements that demonstrate the feasibility of simultaneous

larger set of source signals that has acceptable properties fgf,nne| characterization. Finally, we draw some conclusions
performing the simultaneous measurements. in Sec. IV

Because of their favorable cross-correlation properties,
certain sets of MLSs and MLS-related sequences have
gained considerable attention in spread spectrum communlil- CORRELATION PROPERTIES OF MLS
cation §ystem§They are, howev'er, not yet W|dely.applled to AND RELATED SEQUENCES
acoustic systems, particularly in the area of simultaneous
acoustic measurements. Recent research in sound propaga- For simultaneous multiple acoustic source measure-
tion through atmospheté particularly calls for the simulta- ments(SMASM), let n and p denote the number of sources

neous measurement technique. For this purpose, we propogfid receivers, respectively. Then, theslement vector of
here the application of a set of the MLSs and MLS-relatedeceived signals;, can be obtained from

classes in which all sequences of the set possesdsa-like

periodic autocorrelation function, while the periodic cross- r=hxs, @
correlation function between any pair of sequences drawihere s is the nx1 source signal vectoh=[h;;] is the
from the set has a peak value that is significantly lower thanmpulse response matrix of dimensign, and “*” de-

the peak value of the autocorrelation function. In general, theiotes the matrix periodiccircula) convolution operator.
proposed technique is particularly valuable where multi-Each element of, h, ands is, again, a discrete function of
time, but time dependency is suppressed for brevity. If the
9parts of this work have been presented at the 18th ICA, Kyoto, Japan. Periodic cross-correlation functioi?CCH of excitation sig-
YElectronic mail: xiangn@rpi.edu nals is
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s® ST=[5] 2 TABLE I. Cross-correlation bound values of preferred and reciprocal MLS
' pairs, of Gold and Kasami sequences.

where the operato® stands for the cross correlatiofy]

denotes the matrix each of whose diagonal elements is g Period  Reciprocal - Preferred MLS pairs  Kasami

. o . length MLS pairs & Gold sequences sequences
discrete periodic delta function and each of whose off- 9 i d a
diagonal elements are the all-zero function, then the impulse 8 255 0.1216 0.1216 0.067

- - ; 9 511 0.0881 0.0646
response matrix can be directly determined ftom 0 1023 0.0616 0.0635 0.0322
h=ros 3) 1 2047 0.0437 0.0317
12 4095 0.0310 0.0310 0.0159
Equation(3) indicates that the individual impulse response 13 8191 2.268-2 1.5E-2
sequencedy;; , between sourcpand receivei, can be con- 4 16383 15B-2 LSE=2 /8E-3
iently determined by cross correlating each received sig- 15 32767 118-2 78E"3
veniently y : 9 : 9- 16 65535  7.88-3 78E-3 3.9E-3
nal with each source signal provided the source signals pos- 17 131071 5503 39E-3
sess the desired correlation property expressed in(H&g. 18 262143 3.98-3 3.9E-3 1.9E-3
Luke® pointed out, however, that signals that exactly fulfill 19 524287  2.76-3 1.9¥-3
this condition[Eq. (2)] neither exist nor can be constructed.  2° 1048575  1.95-3 19E-3 9.7&-4
Nevertheless, a careful selection or combination among > 2097151 1.98-3 S7E—4
' ; 9 2 4194303 9.76-4 9.7E—4 48F—4
MLSs of the same degree may yield a set of sequences ap- »3 8388607 6.99—4 48FE—4
proximately possessing the desired correlation property. 24 16777215 4.88—4 48F -4 24E—-4

An n-stage linear feedback shift-register device can gen
erate a binary MLS{a(i)}, with a period ofL=2"—1. The
positive integem, is said to be the degree of the MI8The tical significance for the SMASM techniques.
sequence obtained through correlation of one bipolar MLS  |n addition to the preferred MLS pairs, reciprocal pairs
{m(i)} with m;=1—2a; or MLS-related sequence with an- of every binary MLS of degree also possess small-valued
other of the same degree, or cross correlation, is of practic®#CCF(Refs. 1, 1} bounded by
significance for the SMASM technique, which has been
known in the communication community for many years. [
They are, however, considerably less widely known in the ' 2"-1
acoustics community; therefore, a brief description of crossyt not limited to three or four values.
correlation properties of various sets of sequences drawn  Tapje | lists all bound values of preferred and reciprocal
from MLS and MLS-related classes is sufficient in the fol- \j s pairs between degree 8 and 24 for an easy comparison.
lowing. Figure 1 also shows the smallest bourftigarithmic peak
A. Preferred MLS pairs and maximum connected sets valueg of the PCCF of preferred and reciprocal MLS pairs

) ) ) ) between degree 8 and 24. A careful comparison between col-

The sequenceb(i)}, whereb(i)=a(di) andd is @p- | \ns in Table I and between EG) and Eq.(6) reveals that
propriately chosen, is itself an I(\S/ILS, known asfactor-d  he small-valued PCCFs of the preferred MLS pairs are close
decimation of the sequenge(i)},” the cross correlation of  yhat of reciprocal ones for even-numbered degrees, while

the sequenceb(i)} and{a(i)}, will yield very small val- ¢, the odd-numbered degrees the preferred MLSs are ap-
ues. If the degree of an MLS is a multiple of 4, then a

decimation factot d(n)=2("*22—1 will lead to an MLS

o(n+2)2_ 1
= (6)

pair whose PCCF takes on only four values. For such deci- \ | |
mations, the upper bounds on the four-valued PCCF is sof » Preferred pairs
d(n) 4 E' ] O Reciprocal pairs
la(n)= 55— (4) 40 ? . -
@“ o + Kasami sequences
If the degree of an MLS is not a multiple of 4, then an E 40 T °%a
appropriate decimation of that MLS will yield pairs of MLSs  § TR
having relatively small three-valued PCEE For MLSs f P S .
whose degrees are not a multiple of 4, some of decimatiorQ + o M
factors are of the formd=2%+1 ord=2%—2+1, wherek & 8 .
is chosen such that/ged(n,k) is odd® with ged) standing I
for the greatest common divider, the cross-correlation .z
bounds take on preferred small values expressed by T
2[(n+2)/2j+ 1 8 10 12 14 16 18 20 22 24
ls= 2"-1 (5) Degree

Where[xj denotes the integer part of the real numkefhis FIG_. 1. Bound val_ues of the ‘cross—correlatlon functions _of preferred and
reciprocal MLS pairs along with bound values of Kasami sequences. The

paper Will refer to both t_he thre_e'valued and four-valuedygng values are expressed in dB relative to the peak value of their auto-
MLS pairs as preferred pairs. Their bound values are of praceorrelation function.
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proximately one-half that for the reciprocal MLSs. For the
current applications, one should not necessarily insist on (a) S )
having three- or four-valued PCCF as long as both their 1Ofj«” A
PACF and PCCF approximate the desired condition ex-
pressed in Eq(2).

When specific applications require up to four simulta-
neous source signals, however, even one preferred MLS paig €|
along with their individual reciprocal pairs will not yield the g
preferred smallest bound values among four of them. To beZ 04{]

0.8(

correlation

more precise, lefa(i)} and{b(i)} denote a preferred MLS E : |

pair of degree 14, anda(i)} and {a,(i)}, {b(i)}, and 2 02 - = -
{b,(i)} denote reciprocal pairs of each individual MLS, re- / Time (ms)

spectively. The PCCFs betweé¢a(i)} and{b(i)}, and be- 0.0 . 3 —

tween{a,(i)} and{b,(i)} are bounded by a preferred value
of 0.0157, while the PCCFs betweéa(i)} and{a,(i)}, and ‘ ‘ ‘ , . . .
between{b(i)} and{b,(i)} are bounded at a preferred value oo® % Tim:o(ms) 0% %

of 0.0156, as listed in Table I. However, the PCCFs between

{a(i)} and {b,(i)}, and between{b(i)} and {a,(i)} are  FIG.2. Normalized correlation functions of Kasami sequences of degree 14.

P : a) Periodic autocorrelation functioPACFH of one sequenceb) Periodic
bounded by 0.03, which is rothIy twice the preferred SmalIf:ross-correlation functiofPCCH between two Kasami sequencahifted

values. ) o ) downwards beneath the autocorrelation function for a convenient compari-
Practical applications often need more than two simultason. The peak value of the PCCF is 42.1 dB lower than that of PAGF.

neous source channels. While a pair of MLSs selected frorgoomed presentation of a segment fréan showing three-valued sidelobes
two different preferred pairs of the same degree may no?f the PACF. Their peak values are the same as those of the PC@®F. in
possess the preferred small-valued PCCF as listed in Table | 3 o
and plotted in Fig. 1, some pairs selected from different pair§luénces{a},{Ko},{K4},...} can be constructedcontaining

do. A set of the MLSs for which each pair of the set has this2" - sequences. The sidelobes of PACFs and the amplitude of

preferred small PCCF values is referred to as a connect sdtCCFS among these sequences present even lower bounds,

The largest possible connected set is termed a maximu@PProximately half of those of preferred pairs and Gold se-
connect setMCS) (Ref. 10 and the size of such a MCS is duénces

denoted byM,,. In the literatureé®, one can find the values of A(n)

M, for n<16 with M,<4. The length of MLSs of these h(n)= a7 (7)
degrees and their reasonably low PCCF bound values are of

practical interest in a wide variety of acoustic measurementgvheren must be a positive even number. Figure 1 also shows
However, the number of MLSs in the MCS are strongly lim- the bounds values of Kasami sequences in logarithmic scale
ited. One needs to use properly combined MLSs to form@long with those of preferred and reciprocal MLS pairs for

Gold and Kasami sequences. comparison. The power spectral density functions of Gold
and Kasami sequences are the same as that of MLSs, being
B. Combination of MLS pairs of broadband nature and covering the entire frequency range.

A binary Gold sequencéG (i)} can be generated by In order to demonstrate the excellent correlation properties of
L pA . . Gold and Kasami sequences, Fig. 2 shows the PACF and
com.blnmg.a preg{g”edf c_>r a remprocal blpary MLS pair PCCF of a pair of Kasami sequences, derived from an MLS
Eia(ggdit?é;)ﬂo%ulegr(Ilal_s?e(l)E'Bb(l * Tt)_'bV\_"th.ei delnot- of degree 14 decimated by a factor of 129. In the example,
9 ' ppINg poINt-DY-poINnt, & 1arg€ o pCCF values and the sidelobes of the PACF are bounded
number_of Gpld sequences result including the preferre y 0.007 87, or 42.1 dB below the peak value of the indi-
MLS pair to yield a finite Se({a}’{b}’{GO}'{G_l}’"_'} €ON- vidual PACF. Unlike MLSs, the PACFs of Gold and Kasami
. ) . . gequences are pulse-like functions with small-valued side-
approxmatgly fulfill the condition expre_ssed in E@). lobes. They approximate the condition expressed in(Eqg.
PACFs of bipolar Gold sequences associated Wh} are . to the required degree of accuracy, and they are equivalent to
peaked at zero lag, but they also possess small-valued S'dﬁfe MLSs drawn from MCSs with regard to their usefulness
lobes. The PCCFs of Gold sequences possess the samey . SMASM technique.
bound value as that of the sidelobes of the corresponding
PACF. In fact, the bound values are the same as those of t
PCCF of the preferred and reciprocal MLS pairs from Whichqﬁ' SIMULATION AND EXPERIMENTAL RESULTS
the Gold sequences are derived. In this section we present simulation and experimental
For even-numbered degreg a decimation from an results to demonstrate usefulness of the lack of correlation
MLS {a(i)} with factor A\(n)=2"2+1 can lead to a pair among the MLSs from MCS and combined MLSs. Unlike
{a(i)} and{c(i)} with c(i)=a(\i). In this case{c(i)} is  applications in the spread spectrum technology, where MLS-
not an MLS of degrea. A binary Kasami sequendé (i) related sequences are primarily used for coding or modula-
can be generated by combinifg(i)} and{c(i)} asK (i) tion, the acoustic measurement technique discussed in this
=a(i)ec(i+ 7). In similar fashion, a set of Kasami se- paper employs the sequences directly for acoustic excita-
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FIG. 3. Simulation results using digital filters to study the noise behavior of simultaneous multiple source measurements, Single chanresid216s,...,
simultaneous source channels are simulated. Impulse responses obtained using increasing number of simultaneous Kasami sequences of dlegree 14 are |
by the number of simultaneous source channels and the peak-to-noiséPidRn

tions. The acoustic channel responses are then cross cor@ne low-pass filter separately. First one, then two,..., then all
lated with the excitation sequences. Since these sequenc&8 of the filter responses are summed to simulate the signal
are of length 2—1, conventional FFT cannot be employed that would be received at one point and at a common point
directly. Fortunately the fast MLS transfortbased on fast from two, three,..., and all 16 simultaneous sources. The
Hadamard transforjrcan be employed for MLSs and recip- summed signals are then cross correlated with the ¥{;$
rocal MLSs! When using combined sequences, howeverfo obtain the impulse response associated with the source
one needs to exploit a specialized algoritfifior calculating sending{k,}. Figure 3 shows the impulse responses of a
the PCCF. single source channel and of simultaneous multiple channels.
To quantify the quality of the impulse response, we de-
fine peak-to-noise ratiPNR) as the ratio of its peak value
to the rms value of noise, which is the difference between the
In order to understand the signal-to-noise ratio achievexact value of the impulse response and the value calculated
able in the SMASM applications, we apply a set of 16 bipo-ysing our technique at each time epoch. More precisely, the

lar Kasami sequencegky},{Kz}, ... {kigt} transmitted at a signal received at receivéris
rate of 50 kHz to simulate acoustic channel experiments.

Among them,{k;} is a single MLS of degree 14 and T:E hi*s | (®)
{ko},...{kie are Kasami sequences constructed by combin- ' =1 "
ing {k;} and{b}, with b(i)=ky(129). The PCCFs among |f we now correlate the received S|gnal with, we obtain
the 16 sequences possess the same small values as givenB following approximation foh;,
Table I. 16

Eighth-order low-pass Chebyshev filters, each having a = hoo -+ Dok (S0 S — &) + h*(S®S 9
cutoff frequency of 16 kHz, are used to simulate individual €= Nt i (8@ 8= 0) '—2 i* (5880 (9
acoustic channels. Each individual sequence is filtered by s the sequence

A. Digital simulation
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FIG. 4. Peak-to-noise ratiod’NR) as a function of simultaneous source

channels, achieved using digital filters to simulate the acoustic channels (b)

PNR obtained using Kasami sequences of degree 14 ranges from 35.9 dl

down to 23.5 dB when the number of simultaneous source changes from 2 0 10 20 30 40
to 16. Time (ms)

FIG. 5. Experimental results of times of flight for outdoor sound propaga-
tion analysis(a) Four simultaneous sound sources and a single recébjer.

~ 16 Impulse response between a single sou#® and the receiveffor com-
eic=hic—Nic=hi* (s @s— )+ 2 hj*(s;85)), parison withh,;).
i=T)#k
(10 :
B. Experimental results
represents the error between the approximationhfprand We now present a group of field measurement results
its actual value, that is, it is a noise sequence. Thus achieved from exploratory experiments conducted outdoors.

Four loudspeakers, which serve as sources, are separated 2 m
from each other along a straight line. Perpendicular to this

L-1 . . . . .
— 1 E ) line, a microphondreceiveyj is set 10 m away from the first
Ei= L& €ik(X), (11D sound source. The receiver to the farthest source is about 11

m. The sound sources and receivers are set 1.1 m above the
outdoor ground surface. The sampling frequency for these
is the mean-squared error betwdgpand its approximation, measurements is 25 kHz. Four MLSs’ selected from the
h,. . If the autocorrelation function of, were as function, MCS of degree 13 are used to simultaneously drive the
ands; ands, were uncorrelated foj#k, then the mean- sound sources. Figurgd illustrates impulse response seg-
squared error would be zero. Otherwise, the ratio of the peaknents of the first 40 ms associated with four simultaneous
value of h;, to the rms noise value gives a measure of thesound sources. They are obtained by using the fast MLS
quality of the estimate offi, . transfornt of the received receiver signal with each of the
Figure 4 shows the PNR achieved at individual numbersndividual MLSs’. These simultaneous measurements of
of simultaneous sources. The simulation results as shown ichannel impulse responses yield slightly different arrival
Fig. 3 and Fig. 4 indicate that the PNR in the SMASM de-times due to different propagation distances of the acoustic
creases with increasing number of simultaneous source sigvave, corresponding well to the geometry of the setup. Fig-
nals. The noise stems from the sidelobes of the autocorrelawe 5b) shows the measured single source impulse responses
tion and nonzero residuals of the cross-correlation operationsf the channel between the second source and the receiver
as shown in Fig. 2. The higher the degree of the sequenceshen only source two is energized. Although the single
used, the higher the PNR will be, as Fig. 1 implies. In asource measurement yields a better PNR, the single- and
similar fashion, when cross correlating the resulting receivemultiple source measurements clearly yield similar results.
signal in the simultaneous multiple source mode with MLS  An achievable PNR depends upon, among other things,
{ks},{k3},..., theimpulse responsd#,},{h3},... would be  available source power, the sensitivity and bandwidth of the
resolved. sensors or receivers, the attenuation of the propagation chan-
The fast M-sequence transfotris used in an efficient nels, and the length of sequences. In practice, the achievable
calculation of cross correlation between MK} and the PNR can also be influenced by other unwanted noise, back-
summed filter responses. When resolving impulse responsgsound noise, nonlinear or time-variant components within
associated with combined MLS&,},{ks},..., thefast MLS  the system under test, resulting in a lower PNR. While
transform cannot be used, but a specialized algorithm may bB8BMASM cannot provide results of the identical quality that
used for calculating PCCE, may be obtained through sequential measurement, a well-
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