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Abstract

Ultrawideband (UWB) is an attractive physical layer
technology for wireless sensor networks due to its unique
characteristics. Flexibility in adjusting the processing gain
of UWB systems makes it possible to tune the data rate
and transmission range to fulfill the requirements of spe-
cific applications. Conventional systems assign identical
multiple access parameters to all users regardless of the
signal-to-interference plus noise ratio of the received sig-
nal. In this paper an adaptive assignment scheme for multi-
ple access parameters in cluster based wireless sensor net-
works is investigated. First, an orthogonal time hopping
sequence construction is proposed for synchronous commu-
nications (downlink), where the number of pulses per sym-
bol are adjusted to meet the bit error rate requirement of an
application. Then, adaptation of multiple access parame-
ters in asynchronous scenarios (uplink) is evaluated using
a Gaussian dpproximation method to model the multiple ac-
cess interference in two cases: one with fixed frame dura-
tion, where the goal is to increase the average throughput,
and the other with fixed symbol duration, where the goal
is to increase the network lifetime, Finally, a mathematical
[framework is developed for approximating the interference
‘when the number of pulses per symbol and the frame dura-
tion vary.

1 Introduction

Together with recent advances in integrated circuits, the
_evolution of wireless sensor networks (WSNs) towards in-
expensive, low-power, and small-size implementations has
gained incredible momenturn. WSNs can be implemented
in a variety of areas, such as military, telemedicine, teleme-
try, robotics, fault detection, consumer ¢lectronics, and se-
curity. Depending on the requirements of a specific appli-
cation, the number of nodes in a WSN may range from a
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few nodes to thousands of nodes. In large WSNG, it is es-
sential to have energy efficient communications to increase
the network lifetime.

Ultrawideband impulse radio (UWB-IR) is a highly
promising physical layer technology for WSNs due to its
unique characteristics such as low power transmission, low
cost and low complexity transceiver circuitry, unlicensed
but masked spectrum availability, precise location capabil-
ity, and secure transmission due to employed multiple ac-
cess sequences. Time-hopping (TH) is a commonly used
multiple access method for UWB-IR systems, besides the
direct sequence (DS), and frequency hopping (FH) meth-
ods. By appropriately designing the TH codes, it is possi-
ble to control multiple access interference in UWB systems
to-a certain extent [14]. TH multiple access can provide
interference free communications in synchronous systems.
Even in an asynchronous system, excessive interference can
be avoided due to low duty cycle and large processing gain
of UWB-IR pulse transmission. Even if some of the pulses
are corrupted, the rest of the pulses will be sufficient to ex-
tract the information. In addition, iow complexity multiuser
receivers, such as chip discriminators [18], can be used to
discard the corrupted pulses, and implement adaptive rate

* control algorithms based on the interference level.

Adaptation of wireless communication systems allows
better exploitation of the system resources based on the es-
timation of wireless link quality [2]. The link quality is of-
ten measured by the signal-to-interference plus noise ratio
(SINR) of the received signal. For example, adaptive cod-
ing [6, 13] schemes can achieve higher throughput when the
channel quality is good by decreasing the amount of redun-
dancy transmitted. On the other hand, when the link quality
is poor, reliable transmission can be insured by increasing
the coding power (amount of redundancy). Similarly, adap-
tive modulation schemes can provide a range of modulation
levels that can be implemented based on the channel qual-
ity [3]. For M-ary pulse position modulation (PPM), even
though the data rate is increased by log, M, increasing the
modulation order M increases the effective time spanned by
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a single pulse by M. The good news is that the power ef-
ficiency is improved for higher order M-ary PPM schemes,
i.e. less power is required to assure the same bit error rate
(BER). On the other hand, higher order M-ary pulse ampli-
tude modulation (PAM) levels have worse power efficiency
(compared to lower order M-ary PAM schemes), but the
data rate improves by log, M with the pulses spanning the
same time duration. These characteristics of both higher or-
der modulation schemes can be used to adapt to the changes
in the link quality. Assigning multiple codes to the users,
changing the pulse shape [22] and duration, and changing
the transmitted pulse power [17] as in conventional schemes
are other forms of adaptation in UWB systems to better ex-
ploit the system resources. ‘

Adaptation of multiple access parameters in TH-UWB
systems in terms of the number of pulses per symbol, and
the frame duration is another flexible mean of exploit-
ing system resources efficiently. Increasing the number of
pulses per symbol increases the SINR, which can be consid-
ered as a power control approach in the time domain with-
out changing pulse amplitudes. Increasing the frame dura-
tion (which is related with the cardinality of the code) again
improves the SINR in a multiuser environment, as it be-
comes less likely that the pulses will receive hits. However,
these improvements come in the expense of decrease in the
data rate. By measuring the link quality (which is affected
from the channel realization, multiuser interference etc.), it
is possible to improve the data rate by moditying both pa-
rameters, while still ensuring a minimum BER {which is
fixed by the quality of service (QoS) requirements). Al
ternatively, if the data rate is fixed by system requirements,
when the link quality is good, the transmission power can
be reduced to improve the network lifetime.

Adaptive ratc and power allocation has been well stud-
ied for ¢code division multiple access (CDMAY) systems in
the past [19, 16, 21, 4]. Optimal assignment of number of
pulses per symbol and the frame duration for UWB systems
in range limited and multiuser interference limited environ-
ments were analyzed in [8], where the Gaussian approxi-
maiion is used to characterize the link quality and assess
data rate gains for asynchronous communications. In [12],
use of the standard Gaussian approximation (SGA) to cap-
ture the multiple access interference (MAL) in power unbal-
anced scenarios was investigated, and it was shown to be
applicable to densely deployed networks. Another Gaas-
sian approximation of MAI for chip synchronous and chip
asynchronous scenarios was derived in [11] for a system
with fixed number of pulses per symbol and fixed frame du-
ration, Although adaptation of frame duration and number
of pulses per symbol was analyzed in [20] in the context of
medium access control (MAC) for UWB ad hoc networks,
a mathematical framework for the MAI has not been de-
veloped. In [7, 23], radio resource allocation problem was

236

analyzed as a theoretical constraint optirnization problem
for ad hoc networks, where the system throughput is maxi-
mized considering UWB physical layer, traffic patterns, and
system topology. Both reserved bandwidth (QoS) and dy-
namic bandwidth (best effort) scenarios are considered, and
admisston policies of new users to the system are presented.
In this paper, adaptation of multiple access parameters
both in synchronous and asynchronous communication is
investigated for cluster based WSNs, and theoretical per-
formance analysis to characterize the link quality is pre-
sented for different scenarios. For synchronous communi-
cations (downlink}, an orthogonal TH sequence construc-
tion approach is proposed, which resembles orthogonal
variable spreading factor (OVSF) codes in CDMA systems.
For asynchronous comrmunications, multiuser interference
is modelled with a Gaussian approximation approach for
two communication scenarios: fixed frame duration, where
the goal is to maximize the overall data rate, and fixed sym-
bol duration, where the goal is to have an identical data rate
for all the users, and improve the network lifetime. For the
fixed symbol duration case, the required symbol energy to
meet the BER requirement is calculated, and the number of
pulses to be employed in transmission is evaluated (which
implies joint assignment of both the number of pulses per
symbol and the frame duration, as the symbol duration is
constant). Emprovements in the data rate and power con-
sumption for both schemes are demonstrated with computer
simulations for fixed and mobile cluster head cases.

2  System Medel

2.1 UWB Signal Model

In this section, a generic UWB signal model is intro-
duced, where a variable number of pulses per symbol, as
well as variable frame durations are allowed for different
users. The transmitted UWB signal from user & in an Ny,
user system is given by

_ B o k) (& i k) (k)
sip(t) = VEt(p) Z ag- )b(Lj}Nf")iwtz(t — 3T — ;1)
j=—oo
M

where T}k) is the frame duration of user k, j is the frame

index, T is the chip duration, Ef:) is the transmitted pulse
energy of user k, and w,; represents the transmitted pulse
shape with unit energy. The number of frames per informa-
tion bit for user & is denoted as N_gk) = Tg(k}/Tf(k), where

T is the symbol period for user k, and number of chips

per frame of user k is denoted by N,(lk). The random po-

(k)

larity codes ;™ are binary random variables taking values



Y TV _
77
: Channel-1 .
P T —
AR
Channel-k
o, ([T —
uT e . 1I”I\|ﬂ| ol
Channel-Ny,

Desired User Receiver

Signal Processing

Noise Correlator
Template

Figure 1. The received signals from multiple users and the correlator receiver.

+1 with equal probability, and agk) and a?) are indepen-
dent for (k, ) # (1;§) [9]. Also, ¢*) € {0,1,.., N, =1}
with equal probability, and cg.k) and cg) are independent for
(k,7) # (1,%). The transmitted bits of user & are denoted by
(k) _
b[j/Ni""J € {-1,+1}.
The received signal is expressed as

Ny oo
: k k) (k ik
r(t)="y_\EY Z a )b(u.)mba |ralt — i)

k=1 j=—00

— T, — 1) + auntt), @

where Eif,’ is the received pulse energy, 7y is the delay of
user k, wyg denotes the received UWB pulse, n(t) is a zero
mean white Gaussian noise process with unit spectral den-
sity, and o, denotes the standard deviation of the noise be-
fore the maiched filter (MF).

Consider a MF receiver (see Fig. 1) with the following

template signal for the zeroth bit of user £ (bff]), without
loss of generality:

N

89t = Y Wun(t - TP - 9T, < 7). 3

J=0

Then, the output of the MF is given by

Y = VEQUINGD £ M+ N, @)
where N ~ A (0, Ngg)af,) is the output noise and M is the

total MAIL, which is the sum of interference terms from the
interfering users

M= Z M;, (5)
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where M. is the MAI from user k. The statistics of M will
be analyzed in Section 3.2.

2.2 Sensor Network Model and BER Evaluation

In this paper, a cluster based WSN is analyzed, where
the cluster head has more complex circuitry, and there-
fore higher processing capabilities compared to the sensor
nodes. Note that from robustness, self configurability, and
an overall network lifetime perspective it is more appropri-
ate that each node can have the capability to be the cluster
head. However, this increases the overall cost of the nodes,
as being a cluster head has considerably larger complexity,
and in particular for UWB systems, requires a separate cor-
relator for each sensor. Therefore, the former approach is
taken for the rest of the paper. The communication happens
in rounds as in [15], where, after each round, the cluster
head may update the multiple access parameters. Consider
acluster of IV,, sensors, with each node having a transmitted

pulse energy of Et(;:) to communicate with the cluster head,
which transmits the information to a remote base station.
The received pulse energy for user k at the cluster head is

given by

o .

E® = E® d_’E (6)
where n denotes the path loss exponent, dj, is the distance
between the kth sensor node and the cluster head, and oy, is
the fading coefficient for user k. When there is no MAI, the
probability of error for user k which employs binary phase
shift keying (BPSK) modulation is given by

R = (V8NR:) =@




Table 1. Code construction algorithm

fork=1:N,
ok = rand(S, )
S=S—ck

end

where, energy per symbol (bit) of user k is given by Eg;) =
Nék)Esf,), ¢ (z) is given by %erfc(:%), and SNR denotes
the signal-to-noise ratio (interference effects will be con-
sidered later). Conventional UWB networks use the same
number of pulses per symbol, and the same frame duration
for each user, ensuring reliable communication with the fur-
thest away user. If the minimum BER required by the sys-
tem is given by P,, the processing gain assigned to each
user is given by

_e@)tel

Ny Emin
e

8)

where ETH" denotes the minimum received pulse energy,

which is from the furthest away user in an ideal environ-

ment. The raw data rale for cach uvser is then given by
1

N NaT.
3 Adaptation of Multiple Access Parameters

In order to better exploit the system resources, it is pos-
sible to change the number of pulses (Nﬁk)), and number
of chips per frame (N, ,Sk)). for each user based on the chan-
nel quality; the distance of the user from the cluster head,
the long and short term fading effects, and the interference
level in the system. In this section, first, synchronous com-
municattons will be considered, where the orthogonal con-
struction of TH sequences allows interference-free commu-
nication, such as in the downlink. Then, adaptation of N
and NV, ,Sk) in asynchronous systefns is analyzed under a BER
constraint and for two different cases: fixed frame duration
(to maximize the data rate), and fixed symbol duration (to
maximize the network lifetime).

3.1 Synchronous Communications

In synchronous communications, it is possible to design
the TH codes orthogonally to aveid MAL In this mode of
operation, the cluster head may assign just enough number
of pulses to each sensor node k to ensure the desired BER
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Figure 2. An example code construction for
three users with different processing gains.

P,

N = IV[Q_l(Pb)fdeﬁ-l ’ ©

Et(: dak

where [z] is the smallest integer greater than or equal to
x. The orthogonal construction of the codes with different
processing gains is carried out as follows. Let N denote the
number of chip positions within the symbol period. After
each round, each sensor can report the observed SNR, and
using (9), cluster head can evaluate N, prior to constructing
new set of time hopping codes as follows

Ny
N.=) N, (10
k=1

Note that NV, is a just enough number of chips per sym-
bol, and determines the data rate common to all sensor
nodes. In addition to changes in the channel quality, due
to movements/deaths of the nodes or a movement of the
cluster head, the distances may change. which may change
the value of N, after each round. After calculating V., the
cluster head constructs the orthogonal codes as given in Ta-
ble 1, where S is the set of integers ranging from 1 to IV,
rand(S, N_.gk)) denotes Nﬁk) random integers chosen from
set S, and the operator “—" excludes the set of numbers on
the right of the operator from the set on the left of the op-
erator!. In Fig. 2, a simple example for the downlink TH
sequences of 3 users employing different processing gains
is presented. In a sense, the proposed construction is sim-
ilar to OVSF codes in CDMA systems, however, our con-
struction is more fiexible, as the length of a particular code
does not need to be a multiple of the length of any of the
shorter length codes. For the sake of simplicity, the codes
are constructed in a random manner, which works well for
single tap {(flat fading) channels. For dispersive channels,
more sophisticated code designs can be used [14], where a

TNote that conventional frame-based code and signal notation in (2) is
not used here, where the sequence ¢ for user k points to the locations of
the pulses within the symbol, rather than within the frame (i.e. there are no
frames, and the common symbo!l duration is N 7).
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larger pulse duration may be presumed to compansate for
the channel effects.

The average data rate with the proposed scheme will im-
prove since the average number of pulses per symbol de-
creases, and is given by x'z-. On the other hand, the to-
tal transmitted power for any round is fixed for all cases,
and individual user powers are adapted indirectly through
changing number of pulses per symbol. The proposed
method also improves the energy consumption (per sym-
bol), as less aggregate energy will be used per symbol.

3.2 Asynchronous Communications

In the previous section, it is assumed that the UWB sys-
temn is completely synchronized. This requires compensa-
tion of delays in various multipath arrivals, which is not
generally feasible in the uplink, but may be considered
for downlink communications. Therefore, uplink transmis-
sion is usually assumed to be asynchronous, and multi-
ple access-interference degrades the system performance.
For analytical purposes, we approximate an asynchronous
UWR system by a chip-synchronous system, where the
misalignment between the symbols of the users are inte-
ger multiples of the chip interval 7,. Assuming without
loss of generality that the delay of the desired user is zero
(r4 = 0), we assume that 7, = AT, for k # d, where
A €{0.1,..., N¥ N — 1} with equal probability. As
studied in [11], the chip-synchronous assurnption usually
results in over-estimating the error probability, and hence

. the system design based on this approximation will be on
the safe side.

In order to calculate the BER of the desired user in the
presence of multiple users with random time hopping codes,
we will employ Gaussian approximations for large number
of pulses per information symbol. This is similar to the
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Gaussian approximations employed in [9] and [11]. How-
ever, we derive a more general formula in the case of dif-
ferent number of pulses per symbol in the fixed throughput
case below. Later in this section, fixed frame duration and
fixed symbol duration cases are analyzed seperately.

321 Case I: Fixed Frame Duration

In this case, the frame durations of all the users are the
same. Hence, Ny, is common for all of them (see for ex-
ample Fig. 3b, where N,Sl] =4, NE) =3, Ngs) =2, and
N,(lk) = 3 for all k) The aim is to meet the BER require-
ment for all users in the system.

In order to satisfy a certain BER (hreshold, we adapt the
number of pulses per symbol so that we can maximize the
overall data rate of the system [8].

Similar to the approach in [11], we can approximate the
MALI from user k by the following Gaussian random vari-
able, when the number of pulses per information symbol
foruser &, NS s large:

s
My ~ Alinl
k 0, By - an

where Er(f,) is the energy of a received pulse from user &.

Then, we can express, using (4) and (5), the SINR of the
system for user £ as

(V) Y

(£) N.. K’
NOo%+ B Ty B

SINR = (12)



from which the value of Néi) can be obtained as

N,

NR 1o
G RS PER o O | IE)

k=1

Erfi) Ni

Wrg

In other words, by setting the value of N,E{) according to
{13), we transmit just enough number of pulses per symbol
to meet the BER requirement, This is contrary to conven-
tional systems, where the worst case parameters are used for
all users, hence a lower overall data rate is obtained. Note
that all the users transmit with the same power over a block,
however, for a given transmitted power, the bit rate will de-
pend on the link quality. '

3.2.2 Case 2: Fixed Throughput

Now consider the case where a fixed throughput is to be
assigned to all users. Hence, we consider a common sym-
bol time and BER in this scenario. In other words, the
total processing gain defined by N, = N¥®N ,;Ek) is con-
stant in this case (see Fig. 3a, where (Nsl),Nél)) =
" (3,4), (NP NP = (4,3), and (WO, N < (6,2)).
Therefore, we can change the number of pulses per sym-
bol and the frame duration as long as their multiplication
is fixed. In this case, we employ the following lemma to
approximate the MAT from user :

Lemma 1: [n a chip-synchronous scenario, the disiri-
bution of the MA[ from user k converges to the following
Gaussian random variable

N
My ~N (0, B} =, (14)
Nh

as min{N,SEJ,N‘Ek)} — oo.
Proof: See Appendix A. 1.
Hence, the total MAI can be approximated as

<

Ny E®
M~N[O,N® 3 1%
k=1.k7#E Nh

Then, the SINR of the system can be obtained as

{E)y2 i)
SINR = — (s ))E”;, e (19)
Na2 + N T, oy
e Vh
which can be expressed as
{€)
SINR = Ers an

N k)
ol + A S BN
kAE
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Figure 4. A realization of sensor distribution
over the geographical area.

by the defining the received symbol energy of the kth user
by BY = N EW fork=1,... | N,.

When we assign the same SINR values to all the users,
they have the same BER, hence the same throughput since
they have the same symbol time. Hence, from (17), we
see that we can choose the same received symbol energy to
achieve the same BER for all users. Denoting that common
energy by E.,, we obtain from (17) that

o2 SINR

. (8=t ) SINR

(18)

In other words, for a desired SINR value, we can calculate
the required received symbol energy of the users. Note that
the received symbol energy can be expressed as

— gl 2k
E. . =E; @ 19
Since the symbol energy is the multiplication of the number
of pulses per symbol and the pulse encrgy, we get

a
Er = NOED 31 (20)
Note that the users can use different number of pulses
per symbol and/or different pulse energy depending on the
channel state and their location. In a practical setting, the
cluster head can calculate the SINR for each user and feed-
back them how to scale their symbol energy in order to
achieve the desired SINR.
Note that when a user is very far away from the cluster
head or its channel is in a deep fade, the transmitted sym-
bol energy needs to be increased considerably, which might
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violate the FCC’s regulations [1]. Therefore, multi-hopping
might be necessary in some cases.

Finally, it is observed that given the fading coefficient
and distance of user k, the energy can be set by changing
Ns(k) and/or Et(:f). In other words, there is a flexibility in
adjusting the symbol energy. However, there are a few is-
sues to consider when setting the symbol energy. First, the
FCC’s restriction on the peak-to-average signal ratio can
restrict the use of very small N§k) values, Secondly, al-
though we consider flat fading channels in this paper, the
inter-frame interference (IF[) can be an issue in a multipath
environment when choosing the number of frames per sym-
bol, where choosing larger frames reduces the effects of the
IFL.

3.3 Extension to Multipath Channels

Although the previous analysis assumes AWGN chan-
nels, extention to multipath channels is also possible. In
that case, we consider RAKE receivers since a MF would
not gather sufficient signal energy due to large delay spread
of UWB channels. By similar approaches to the one in [10),
it can be shown that the MAI from an interfering user con-
verges to zero mean Gaussian random variables similar o
the ones in (11) and (14), with the only difference being
a scaling factor to the variance terms, That scaling factor
purely depends on the multipath channel of the interfering
user and the finger assignment of the RAKE receiver. In
other words, the same dependence on the received pulse en-
ergy and the processing gain parameters (N, and Ny,) is pre-
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served. Due to space limitations, extensive analysis of the
MAI{ in adaptive IR-UWRB systems over frequency-selective
channels is not included in this study.

4 Simulation' Results

Computer simulations are performed to demonstrate the
improvements in the data rate and power consumption. Sin-

_gle cluster of a WSN is considered, and 100 sensor nodes

are randomly distributed over the field (25 % 25 meters as in
Fig. 4). An SNR of 8.39dB is targeted, which corresponds
to a BER of 10~* for BPSK modulation, path loss expo-
nent is taken as n = 2.4, pulse width is set to T, = 0.3ns,
and chip synchronous case is taken in all scenarios. It
is assumed that the transmitted pulse occupies the whole
7.5GHz of bandwidth in between 3.1GHz — 10.6GHz, and
knowing that the FCC mask allows a maximum transmis-
sion power of ~41dBm/MHz within this frequency range,
maximum transmitted energy per second can be calculated
as 0.562mW. This is the maximum power that any sen-
sor can transmit to comptly with FCC regulations, and may
restrict choosing optimum N, and N, even if SINR is ap-
propriate.

For synchronous communications, data rate improve-
ment with respect to number of users is evaluated when op-
tirum Nﬁk) are used to construct orthogonal sequences for
each user (equations (8) and (9)), and averaged over 100
realizations of the sensor distributions. Noise variance is
taken to be 20dB weaker than the energy per transmitted
pulse. Two schemes are analyzed: conventional approach,
where the worst case processing gain are used for all the
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users; and the adaptive approach, where just enough pro-
cessing gain is assigned to each user. Results in first part of
Fig. 5 show that the average data rate for synchronous com-
munications with the proposed method is at least twice the
conventional approach. Note that Fig. 5 does not demon-
strate the gains obtained due to deaths and mobilities of
the sensors, which are exploited periodically to update the
codes and increase the data rate. Furthermore, a trivial anal-
ysis can be repeated to demonstrate the additional savings
in power consumption due to the decrease in the average
processing gain used per symbol.

For asynchronous communications, case / and case 2
are analyzed separately. For case 1, Gaussian approxima-
tion is used to evaluate the data rates for conventional and
proposed methods in an interference limited environment.
Simulation results in second part of Fig. 5 imply that in-
creasing the number of sensors does not effect the data rate
significantly as it affects the synchronous communications.
This is because a fixed frame duration is used for different
number of users, and the number of pulses per symbol is
the only term that determines the data rate. In the conven-
tional method, the data rate is lower-bounded by the data
rate of the furthest away user, which does not change sig-
nificantty with the number of users. For adaptive implemen-
tation, since fewer pulses are used for closer sensors, higher
aggregate data rates are achieved.

Simulation results for case 2 are presented in
Figs. 6 and 7, where the data rates are identical for all the
users and is set to (N.T.)™! = (10% x 0.3 % 1079)~1 =
33kbps. Continuous transmission of all the sensors, and
very low initial battery energy assignments (1ml} for each
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node are assumed for simulation purposes. The parame-
ters are updated after each round of 300usec to adapt to
Rayleigh fading channel and possibly changed distances,
and energy consumption in 5 x 10* rounds is analyzed. Sim-
ulation results show substantial gains in network lifetime
when using adaptive assignment of processing gain (PG).
Also, the effects of mobility of the cluster head (CH) is an-
alyzed, which may be considered for example for rescue-
robot applications where the robot acts as a cluster head to
communicate with various sensors, and although the power
consumption of the robot is not that important, we would
like to maximize the network lifetime of the sensors. It is
observed in Figs. 6 and 7 that if the cluster head randomly
moves in the network, the network lifetime shortens seri-
ouslt. On the other hand, movement of the cluster head
after each round to an optimal location (which is the ex-
pected value of the locations of the alive sensor nodes, i.e.
Elz,,y,], where (z,, i) arc the coordinates of each sensor
node) slightly increases the network lifetime compared to
the case when the cluster head is motionless and located at
the center of the network.

5 Cenclusion

In this paper, adaptation of multiple access parameters
in cluster based UWB-IR WSNs has been analyzed for
both synchronous and asynchronous communication sce-
narios. For synchronous communications, an orthogonal
sequence construction has been presented, which assigns
variable processing gains to the sensors, and acquires the
desired BER reguirement at each sensor. For asynchronous
communication systems, Gaussian approximation methods
have been used to adapt the transmission powers and pro-
cessing gains of the sensors, and a mathematical framework
has been developed for the analysis of MAI when the num-
ber of pulses per symbol and frame duration of each user are
different. Data rate and power savings improvements have
been demonstrated using computer simulations.
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A Appendices
Al Proof of Lemma 1

Using (2) and (3), the MAI from user k, A}, in (5), can
be expressed as follows

N

Me=+ES) 3 My, @1
=0

where

Mey=al® 3 o RGTH — Tl
j—_

Il
+d9T, - O, - AT, (22)

with Ay = (1, — 7¢)/T; being the amount of asynchronism
between the desired user and user k in terms of the chip
interval.

Assume that Nés) < N,.,(k}.

shown that { M, k,;}f\;‘(;)_l forin a 1-dependent sequence (5],
where each term is zerc mean due to the random po-
larity codes (E{My;} = 0). Hence, as N& -
=1 .
00, ﬁ Eﬁ__}o)_l My.; converges to N(0, E{M?,} +
QE{M;CJA’Ik,Hl }) [5].
It can be shown that the correlation terms are zero due to

the fact that random polarity codes are zero mean and inde-
pendent for different indices. Also after some manipulation,

In this case, it can be



we obtain E{ M7} = 1/N,{lk]. Hence, we get

M 1
Mg ~N[0, — |, 23
JN© g ( 'Né’“))

as Ng('f) — 00,

Therefore, for large gg), we can approximate My in
(21) as in (14).

For N9 > N, we can follow a similar approach
and express the MAIL from user %k as the summation of

5” terms, which form a 1-dependent sequence. Then, as

Ns(k) — 00,

y M 1
Z My ~N (0, —) ) (24)
\/N,gk] I=0 NJ(:E)

where Mk,, is the interference related to the /th frame of
user k.
Then, for large N,gk), My, is approximately distributed

(k) . .
as A0, Eﬁz) %@). However, since the total gain N, =

NON ,(lk) is constant for all users, the variance is the same
as that of equation {14).

All in all, for large values of min{Ngk), NSEJ}, the dis-
tribution of the MAI from user k is approximately given by
(4. G
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