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ABSTRACT

This paper propcses a new approach in chirp modulation
spread spedrum (CMSS. A good seledion of the
parameters of the linea chirps, which are used in chirp
modulation, combined with antipodad signaling
significantly reduces the multiple access interference
(MAI) even for small ti me-bandwidth products. This makes
such systems attradive for efficient spread spedrum
multiple acces Equal energy and equal bandwidth
charaderize the set of chirps being wed for multiple
access Analyticd expressons for the time-bandwidth
efficiency and the bit error rate (BER) in additive white
Gausdan moise (AWGN) channels are derived. The
theoreticd results are then confirmed through simulations.
The simulation results dow that the proposed CMSS
technique outperforms existing CMSStecdhniques in terms
of bit error rate and time-bandwidth efficiency. Moreover,
its performance gproaches those atained by dired
sequence spread spedrum (DSSS systems.

1. INTRODUCTION

Over the past decale, spread spedrum (S techniques and
spread spedrum systems have receved quite some
attention [1,2,3,4,5,6,7,8,9]. They are epeded to be
widely used in different areas of communications snce
their properties meda many needs for future cmmunicaion
systems. Among these alvantages are interference
regjedion, multipath suppresson, code division multiple
access and high resolution ranging. To some extent, spreal
spedrum systems also dffer inherent detedion protedion
due to their noise-like spedra.

An adequate definition of spread spedrum
transmisgon is given in [1]: “Spread spedrum is a means
of transmisgon in which the signal occupies a bandwidth in

excess of the minimum necessary to send the information;
the band spread is accomplished by means of a amde which
is independent of the data, and a synchronized reception
with the @de & the recaver is used for despreading and
subsequent data recovery.” The four basic spread spedrum
techniques known to satisfy this definition are dired
sequence, chirp modulation, frequency hopping, and time
hopping [2].

Chirp modulation or linea frequency modulation was
introduced by Winkler [3] in 1962 She suggested using
one pair of linea chirps that have oppaite dirp rates for
binary signaling. In 1971, Gott and Newsome [4] described
an experimental communicaion system employing chirp
modulation in the HF band. They measured its bit error rate
(BER) in addtive white Gausdan moise axd carier
interference In [5], the utility of binary chirp modulation is
compared to phase-shift keying (PSK) and frequency-shift
keying (FSK) in coherent, partialy coherent, Rayleigh, and
Rician transmisdon channels. Theoreticdly, chirp
modulation is found to be superior in the partially coherent
and frequency-seledive fading cases over certain ranges of
channel conditions. In 1974 Cook [6] asdgned pairs of
linea chirps with different chirp rates to several users, thus
allowing multiple accaswithin a @mmon frequency band.
However, for a given time-bandwidth product, multiple
access interference (MAI) limits the number of users
simultaneously accessng the shared communicaions
resource. El-Khamy et al. [7] extended Cook’s propaosal in
1996 The dirp signals used for binary multi-user
communication were seleded such that they all have the
same power as well as the same bandwidth. Closed form
expressons and approximate analytical expressons for the
MAI and BER of this novel chirp modulation spread
spedrum (CMSS technique were dso derived in [7]. In
[8], the aithors of [7] went further and proposed to
combine their CMSS technique with frequency hoppng.



This hybrid spread spectrum techniqgue improves
communication system performance espedally in multi path
fading dispersive channels.

However, the performance of CMSS systems can still
be further improved in the cae of multiple accss In this
paper, we present a novel chirp modulation spread
spedrum technique that utilizes antipodal signaling in
conjunction with a good seledion of the chirp parameters.
We then derive and compute its bit error rate and time-
bandwidth efficiency.

2. THEORETICAL FORMULATION

For the discusson of the proposed CMSS technique, we
asume a ommunicdion system as $own in Fig. 1. Note
that only one transmitter-recever pair or equivaently user
i, 1=12,...,M is presented in detaill;, M denotes the

number of users.

On the transmitting side, the binary data sequence
o (t)D{—];+1|OstsTS} modulates a linea chirp signal
C (t) of energy E, centered at some given carier
frequency f.,i.e,

s (t)=b (t)e, (). (1)

Eadh user i isassgned a distinct chirp signal c; (t) from
the set of spreading signals
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where T denotes the symbd duration, a?,a’ 00" the
individual chirp rates, and 82,8° 00 the initial phases,
respedively. All user chirp signals have equal bandwidth

Asaiming a, = _max al and a) =0, this can be
setisfied by
al =ay -at. (4)
The time-bandwidth product normalized to the number of
users or simply the normali zed time-bandwidth product
TS [
=== 5
Uy ©®)
may serve & a useful measure to compare and evaluate
system efficiency.
The additive white Gaussan noise (AWGN) channel
under consideration adds aredization of a zeo mean white
Gaussan roise processwith variance N, /2 to the sum of

transmitted signals, i.e.,
M
(0= s 6)+n) ©
1=1
For simplicity, attenuation and time delay commonly
caused by transmisson channels are negleded here.

On the receving side, a mmmon array of recevers i
is asumed to have knowledge of coherent, locdly
generated copies of the spreading signals ¢, (t) normali zed
to unit energy. Additionaly, al spreading signals are
required to be mherent at reception, i.e., their symbal
intervals coincide. Generally spe&ing, this is the cae for
an externally synchronized communications network with a
common multi-user detedor. Demodulation and detedion
can then be redized by an array of correlation recavers. In
particular, ead recaver multiplies the receved signal with
its coherent, locdly generated replica of the spreading
signal of unit energy and integrates this product over one
symbal interval to oktain the dedsion variable

u.
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Finaly, athreshold detedor estimates the data symbal sent

simply by deteding the sign of the dedsion veriable u, .

To ohktain an expresson of the BER for the propased
CMSS systems, we reformulate the dedsion variable (7)

W, = (o +a® )T7 (3  using(1) and (6)
Chirp Noise Chirp
Generator Source Generator
— G () o) 6 () VE— —
ata s esti-
Source | p (t = =t) r(t) _|; dt U, j lS,(t) nation
Transmitter {Sj()l j=12,...M;j 7 i} Receiver

Fig. 1. Block diagram of new chirp modulation spread spedrum system.



4 =JEBO+ S b0p E»% [l O @

where p; is defined as the aosscorrelation between two
spreadingsignals ¢, (t) and c; (t)

1
Pj —ESJ;) C.(t)cj (t)dt- )

Since n(t) is a redizaion of a white Gaussan roise
process the dedsion varigble u; is in fad a random
variable of normal distribution [9]; its mean is given by

u, =EU,]=E, E) p.,E (10)

and its variance euals o = E[ U, —E[Ui J: No/2. A
bit error occurs if u; >0 when b, (t):—l or if u, <0
when b, (t)=1. Due to the symmetry of the problem, it is
sufficient to consider the first cese b, (t): -1 without loss
of generality. Thus, the probability of a bit error at the i th

recever isfound to be
H_ (X ~Hy )2
2 exp 202 Eﬁx
(11

b&»u

where the function Q(x) is defined as a scded
complementary error function, i.e.,

= % J’j ex% % %ﬁ = % erfc(x) (12

Averaging (11) over the set of pasgble data bit variations
B, ={b, t)0{-1+13j =12....,M; j #i} and subsequently
over al recevers i =12,...,M gives ageneral expresson
for the probability of bit error. Hence the BER of systems
based on the novel CMSStechnique in AWGN channelsis

given by
lza
2M -1 ZQ pu % (13)

At this paint, the seledion of the dhirp parameters a?,
a?, 67, and 67 neals to be aldressed. The problem at

hand is to minimize the BER (13) over the set of cross
correlation coefficients p; , i # j . Observing that the eror

probability function Q(x) is a dtrictly monotonicdly
deaeasing function bounded by Q(x) - 1 for x - —oo
and Q(x) - 0 for x - o, thisis equivalent to maximizing
itsargument x . Besides increasing the signal-to-noise ratio

BER——

(SNR) N , this can be acomplished by maximizing the

0

random variable
M

b, t)o;- (14)
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The data sequences b, (t) are ssumed to be uncorrelated,

Y=1-

wide-sense stationary discrete random processes of zero
meéen and unity variance. Therefore, Y is of mean E[Y] =1

. 1 M 2
and variance VAF[h(]:M—1 p; . As large esolute

j=Ly=#
values of p; dominate the variance minimizing the
maximum absolute aosscorrelation coefficient
plj,max:
resultsin minimal bit error rates.
Subgtituting  (2) and (4) into (9) and negleding
integration over higher frequency terms alows us to
approximate the aosscorrelation coefficient by

py = %jf [codrlar a3 )rie + o2 -6+ (16

cos[rr(oria —af)rszr(l— T)+ 7'[(9ib —0;’) T.
Then p; only depends on the differencein chirp rates and

(19
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ininitial phases. To achieve good spedral properties of the
transmitted signals, we force the spreading signals c, (t) to

be continuousat t =T, /2 by choosing
2

T
6F =af —+6. 17)

Additionally, for reasons that will become dea at a later
point, we make p; an even symmetric function in
a’ -af by letting

6 =afTZ0 (18)
where 6 00 denotes ssome mnstant independent of i . For

the remainder, it is referred to as the phase parameter. If
the differencein chirp rates of two spreading sigrals c; (t)

and c; (t) is normalized acardingto
ag, = (ot -ty a9

the aosscorrelation coefficient (16) can be rewritten as

o, - plodea, (7 +8)-

Rl et
cosy\a, H —1° +—HHdr,
4

Obviously, the dependency of p; has been reduced to
AT, and 6 .

(20)



It can be shown [10] that the probability of error for
any user i attains a minimum if the aosscorrelation
coefficients are chosen pair-wise symmetric, i.e.,

Py =Py, bk I=12.. M:li-j=k=I. (21
This requirement can be met by choosing a @nstant chirp
rate diff erence between two adjacent spreading signals,

A, =0T, Oi=12..,M-1 (22
where Aa 0" denotes a constant in i . It is an important
parameter for CMSS systems and we will refer to it as the
chirp rate parameter. For a given time-bandwidth product,
the dirp rate parameter equals twice the ratio of time-
bandwidth-product and number of users. Then, the
remaining unkrown—the phase parameter 8 —can easily
be determined by one-dimensional optimizaion of the BER
given in (13). Note that CMSS systems are wmpletely
spedfied by the parameters E_, T,, f., AT, 6 ,and M .

3. SIMULATION RESULTS

For several communication systems based on the proposed
CMSStednique, the bit error rates in an AWGN channel
are computed and compared against the theoreticd bit error
rates as given by (13). The BER simulations were caried
out with a total number of 100000bits per data point.
Furthermore, we put the BER performance of anew CMSS
system side by side with an existing CMSS system and a
dired sequence spread spedrum (DSSS system under the
same time-bandwidth li mitations.

The initial simulation example @nsiders the three
CMSSsystems defined by the parameters given in Table 1.
Note that for the proposed CMSS technique n equals

A07/2 as a result of (3), (4), (5), (19), and (22). The
system parameter Q... denotes the maximum absolute
sum of crosscorrelation coefficients as computed by

M
psu max — max pi' . (23)
m i=1,2,..,M J':ZJ?L ’|
It may be regarded as a measure of multiple accss

interferencein the CMSSsystem. The higher oy, ma 1S, the

more severe the interference anong the users daring the
communications resourcewill be. For p.....=1, bit errors

may even occur without channel noise; hence the CMSS
system would then inherently be limited by MAI.

M r’ Ao 9_ pu',max psummax
4 8 16 1.82 0.14 0.28
8 8 16 1.97 0.16 0.74
8 16 32 1.86 0.11 0.52

Table 1. Parameters of CMSSsystems used in Fig. 2.

Fig. 2 shows the BERs of the CMSS systems given in
ES

Table 1 asafunction of the SNR . Noticethe generaly

0
good agreement between the simulated (solid line) and
theoreticd (dashed line) BERs. Comparing the two CMSS
systems of same nj, the system acommodating M =8
users exhibits dightly lower BERs for high noise channels.
But for SNRs above -7dB, the system with M =4 clealy
shows less bit error probabiliti es due to the smaller cross
correlation parameters p; ., and Pgumax- 1N the cae of

the two CMSS systems with the same number of users,
increasing the normalized time-bandwidth product n by a
fador of two resultsin considerably lower crosscorrelation
parameters P n.c ad  Pgna-  Therefore, the BERS

achievable ae mnsiderably smaler aadoss the plotted
range of SNRs.
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Fig. 2. Simulated and theoreticd BERs of three CMSS
systems with diff erent number of users M and/or different
normali zed time-bandwidth products 17 .
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Fig. 3 compares the BER performance of a DSSS and
an existing and a new CMSSsystem. All threesystems are
restricted to M =4 users and the same normalized time-
bandwidth product of n =2. For spedrum sprealing, the
DSSS system employs Walsh-Hadamard codes that are
known to be mutually orthogonal. For the existing CMSS
system, we chose asystem based on the multi-user binary
chirp modulation technique & proposed by El-Khamy et al.
[7]. The parameters of our new CMSSsystem are Aa =4,
6 =1.94, Py max =029, and Oy max = 0.72. For SNRs less

than —3dB, the new CMSSsystem dlightly exces over the
two aher spread spedrum systems. The DSSS system
evidently shows the lowest BERs for higher SNRs,
dthough the new CMSS system’s performance is only



somewhat inferior. When compared to the existing CMSS
system, which appeas to be severely limited by MAI, the
proposed technique is clealy superior. On one hand, the
large aosscorrelation coefficients between the spreading
signas limit the BERSs of the eisting CMSS system. On
the other hand, the proposed CMSS system minimizes the
crosscorrelation coefficients between its user chirp signals.
For this reason, it attains BERs close to those of the DSSS
system employing orthogona spreading codes. More
predsely, for a pradicd SNR of 5dB, the new CMSS
system achieves a BER of 107 and thus it outperforms the
existing CMSS approach by nealy two oders of
magnitude. At this BER, the required SNRs of the DSSS
system and the proposed CMSS system differ only by
about 4dB. At least for this smulation example, we can
conclude that the new CMSS system approaches the DSSS
system using orthogonal codes in terms of BER
performancein AWGN channels.
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Fig. 3. BER comparison of a DSSS existing CMSS and
new CMSS system for the same normalized time-
bandwidth product n =2 and number of users M =4.

4. CONCLUSIONS

In this paper, a novel chirp modulation spread spedrum
technique for efficient and flexible multiple acces was
propcsed. Each user employs a distinct linea chirp signal
for spreading and despreading of its data bit sequence All
spreading chirp signals equally occupy the same bandwidth
and therefore offer inherent protedion against frequency-
seledive fading. Application of antipodal signding in
combination with optimum phase synchronization
significantly reduces multiple accss interference and hit
error rates acordingy. Furthermore, the novel CMSS
technique dlows for a flexible system design that meds

adua time-bandwidth requirements. The BER results siow
good agreament between theory and simulation. In
comparison to cother spread spedrum systems, the new
CMSS system clealy outperforms the eisting chirp
modulation techniqgue and approaches BER performance
attainable by DSSSsystems.

REFERENCES

[1] R. L. Pickholtz, D. L. Schilling, and L. B. Milstein,
“Theory of spread-spedrum communicaions - a
tutorial,” IEEE Transactions on Comrrunications,
vol. COM-30, no. 5, pp. 855-884, May 1982

[2] R. C. Dixon, Spead Sgdrum Techniques. New
York, NY: IEEEPress pp. 1-14, 1976

[3] M. R. Winkler, “Chirp signals for communications,”
WESCON Convention Record, Paper 14.2, 1962

[4 G. F. Gott and J P. Newsome, “H.F. daa
transmisgon using chirp signals,” Proceadings of the
IEE, vol. 118 no. 9, pp. 11621166 September 1971

[5] A.J Berni and W. D. Gregg, “On the utility of chirp
modulation for digital signaling,” IEEE Transactions
on Comnunications, vol. 21, no. 6, pp. 748751, June
1973

[6] C. E. Cook, “Linea FM signal formats for bea®mn
and communicaion systems,” IEEE Transactions on
Aerospace and Eledronic Systems, vol. 10, pp. 471-
478 July 1974

[71 S E. EI-Khamy, S. E. Shagan, and E. A. Tabet,
“Efficient multiple-access communicaions using
multi-user chirp modulation signals,” IEEE 4th
Internationd Symposum on Spead Spedrum
Tedhniques and Appli cations Procealings, vol. 3, pp.
12091213 September 1996

[8] S E. El-Khamy, S. E. Shagan, and E. A. Tabet,
“Frequency-hopped multi-user chirp modulation
(FH/M-CM) for multipath fading channels,” IEEE
Procedlings of the NRSC '99, Sxteenth Nationd
Radio Sience Conference pp. C6_1-C6_8 February
1999

[99 M. B. Purdey, D. V. Sarwate, and W. E. Stark,
“Error probability for dired-sequence spread-
spedrum multiple-access communicaions - Part I:
Upper and lower bounds,” IEEE Transactions on
Communications, vol. COM-30, no. 5, pp. 975984,
May 1982

[10] S. Hengstler, A Novd Chirp Moduation Spead
Spedrum Tecdhniqgue for Multiple Access M.S.
Thesis, University of Massadhusetts Dartmouth,
January 2001



