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User Registration in Broadband
Slotted Aloha Networks

Qingchong Liy Member, IEEEand Jia Lj Member, IEEE

Abstract—This paper proposes an algorithm for user terminals In North America, each broadband slotted Aloha network is
in broadband slotted Aloha networks to jointly succeed intime syn- - designed to provide services to tens of millions of users [2].
chronization, power adjustment, and registration to the network Packet switching is employed to support bandwidth-on-demand
control center. The performance is analyzed considering nonnegli- . . - .
gible initial time uncertainty, nonnegligible power uncertainty, and services [1], [2], [S]-{7]. Each user t_ermlnal has to register with
minimizing cochannel interference as well as binary feedback from the network control center before it is allowed to use the net-
the central receiver. User terminal initial power setting can be per- work [6], [7]. The access channel is the broadband slotted Aloha
formed using the method developed in this paper to make sure the contention channel [5]-[7]. The registration process requires
interference generated in the registration stage is negligible. The each user terminal to achieve time synchronization and suc-

algorithm is sufficient to keep the false registration probability less . g .
than any number required by the network. It can help broadband cessful power adjustment to close the link. All of these require-

slotted Aloha networks to significantly reduce system cost through Ments have to be satisfied, considering the large user popula-
employing a large number of inexpensive user terminals with non- tion in each broadband network, network security requirements,

negligible time uncertainty and nonnegligible power uncertainty.  cochannel interference (CCI) requirements, and the nonnegli-
Index Terms—Broadband slotted Aloha networks, false registra- - gible time uncertainty and power uncertainty in user terminals
tion, power adjustment, time synchronization, user terminal regis- for broadband wireless and satellite transmissions [6], [7]. Reg-
tration. istration algorithms must be designed considering the network
layer, the medium-access sublayer, and the physical layer to-
gether.
) _ Traditionally, problems in the physical layer, the medium-
R ECENTLY, impressive programs have been announceddgcess sublayer, and the network layer are studied separately.
launch broadband wireless and satellite networks [1], [Zkmong topics related to user terminal registration in broad-
These networks are designed to provide interactive multimegjgng wireless and satellite networks, multiple access is the only
and other_services baset_j on Internet p_rotocols (IP) at hundrg&ﬁc which is widely understood [8]-[10]. To focus on the net-
of megabits per second in North America, Europe, and worldprk side of the multiple-access problem, time uncertainty and
wide [1], [2]. In 1997, the Federal Communications Commissower uncertainty are ignored in the previous research [8]-[10].
sion (FCC) awarded 13 licenses to build IP-based broadbaggch treatment is suitable for low-data-rate networks where the
satellite networks [1]. In 2000, satellite modems supporting YRning error and power error can be ignored in the process of
to 1.6 Gb/s in each channel using quaternary phase-shift keyg&essmg the network.
(QPSK) was demonstrated for broadband satellite networks [3] proadband wireless and satellite networks supporting data
In 2002, ultra-broadband wireless systems supporting gigakite of around 1 Gb/s [2], [3], [6], [7], the timing uncertainty
Ethernet at 1.25 Gbl/s using binary phase-shift keying (BPSKhd power uncertainty of the initial transmissions from user ter-
started service [4]. In Europe and Japan, the progress in deYgnals can be so large that they must be handled jointly while
oping broadband wireless and satellite networks is also excitifg yser terminal is trying to access the network to achieve suc-
[1], [2]. After a few years of intensive research and developmeRbssiuyl registration with the network control center [6], [7]. This
itis clear that the technical challenges in broadband wireless blem is new and critical for broadband slotted Aloha net-
satellite networks are much harder than they were expected. ks supporting very high data rates [2], [3], [6], [7]-
challenge is the user terminal registration in broadband slottedrpis paper proposes and analyzes a practical algorithm for
Aloha networks [6], [7]. user terminals in broadband slotted Aloha networks to jointly
achieve successful time synchronization, power adjustment, and
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Fig. 1. Slot structure in a broadband slotted Aloha network. There is a detection wjrd®wlV'| centered at each slot boundary.

codes. Atthe beginning of each time slot, there is a time windov P

: - . A
[-W, W] to take care of the arrival timing uncertainty of the ‘(0 _
,PMax

registration packet to some degree. Fig. 1 shows a typical sl
structure of the slotted Aloha channel for user terminal registra 4 op l
tion. :

In the new-generation broadband satellite networks em
ploying on-board switching and on-board routing, each spc
beam can cover hundreds of kilometers [1], [2]. The prop: R2 R3
agation delay can vary significantly from one user terminal RO
location to another in the same spot beam, and from spot bea
to spot beam [1], [6], [7]. Each user terminal needs to haw
its location determined by some means before the registratic
process is started. Assume the position determination error fq Pr
a user terminal has a Gaussian distribution with zero mean ar
a standard deviation af; kilometers along the path from the I
user terminal to the central receiver. The initial timing error of l
the user terminal caused by this position error is a Gaussiz w1 -W (0,Pwmin) wow

random variable with zero mean and standard deviation of o
or = (04/3 % 105)_ Fig. 2. Range ofX = (P/,#) of user terminal transmission

. . . . power and timing in the registration process. In the regidit,
On the basis of the user terminal location, the location of the ¢ {(P7.+/)|P; < P? < P,,—W <# <W}. In the region R1,

central receiver, the antennareceiving beamrolloff of the central € {(P/,#])|Puin < P/ < Pr,—W: <t/ <Wi}. In the region
receiver, and antenna gain of the user terminal, the user termified X € {(P/.t)IPr < P/ < Pa. —TW, < #; <TW}. In the region
under registration can compute its minimum required paer ?éi{(; ;(ﬁ};ti“]’;; 21; = ]i“‘,?}p<<tfi<§‘yl}}- In the regionk4,

for link closure. The initial power of the user terminal is in pREA S T s S T = = T
[Prin, Pmax]. In order not to interfere with the other cochannel

users in the multiple frequency-reused networks, there is a méxe special case when there is no other user terminal transmit-
imum allowable power, for each terminal to use at a giventing in the same slot.

location. Here,P4 < P.x. Usually, the value ofP4 should The central receiver demodulates and processes all registra-

not exceed 3 dB more thaf. tion packets and other uplink transmissions. It sends the binary

The uncertainty of the received power for the initial trandeedbackf, € {Success, Failure} to all user terminals in the
mission from a user terminal can be caused by its location errd@me cell via cell casting. A cell can be regarded as a spot beam
power setting error in the user terminal, temperature variatidA, broadband satellite networks [1], [2] or the physical region
antenna gain variation, power variation over the broad baniibere user terminals share the same central receiver located
width employed in the systems, and the gain variation over te@ the Earth’s surface [4]. The feedback elemgénof “Suc-
perature in the central receiver. To combat the large uncertai§ss” means a packet was successfully received by the central
of the received power at the central receiver from each user tegceiver. For network security reasons, the feedback message
minal, it is desirable to adjus'[ the transmission power inthe re@annot contain the identification number of the user terminal.
istration stage so that each terminal will have enough power t§€ block decoder failure indicator can be assumed error free.
close its link and not generate too much interference. The block decoder failure can be caused by insufficient car-

A registration packet sent from a user terminal in the regig’_er—to—noise power ratio in the desired registration packet, too

tration process can be demodulated by the central receiver O'ﬁWCh CCl from other cochannel users, or collision with other

when all of the following three conditions are satisfied: 1) thBackets during uplink transmission. Successful reception of an
arrival time of the received packet is in the windwiv, ] undesired interfering packet will result in a “Success” indica-
relative to the beginning of the time slot; 2) the power of thion by the central receiver, as well. . _
user terminal has to be no less than the threshold powerfiovel Assume that the user terminal initial transmission power will
with 0 dB bias; 3) there are possibly transmissions from othBf 10w €nough not to cause unacceptable interference to other
user terminals in the same slot, but with much less power afigchannel carriers. Fig. 2 shows the possible regions where the
still permitting successful packet demodulation. This includd®ir X = (Pijvtg) is, whereP is the transmission power of
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the jth user terminal in théth trial, andt{ is the corresponding ¢, — dT' > —W andt, — dT' < W. Solving these two inequal-
timing. The power and timing of a user terminal must be in thées, we havelt < d1' < 2W. This means that the maximum
region RO or in the regionRk4 with ] € [—-W, W] to receive step size of time adjustment cannot be greater than the size of
a possible “Success” feedback for the block decoder. The uffeg time synchronization window, and the maximum length of
terminal must reliably determine whether the feedback infothe timing error interval which can be covered in each time ad-
mation is for itself or not on the basis of the binary feedbacjustment step cannot be greater than the size of the time syn-
The user registration process can be regarded as completed @hcenization window. In practicW is an integer multiple of

the user terminal finds with high confidence that its registrdhe symbol timel’;. We choose the step size of time adjustment
tion packet is successfully received by the central receiver. SuaddT = 2W. Thus, deducting’ from any timing error in the

a success means that both of the following necessary condierval (t; = W, t, = W + dt] can pull the timing error back
tions are satisfied: 1) the packet arrival time is in the windote the time synchronization windo¥y. Similarly, addinglT" to

[-W, W]; 2) the up-link is closed, i.e., the transmission poweany timing error in the intervg-W — dT, —W) can achieve

is not less than the threshold power. the same result.
For time synchronization, we quantize the timing-error in-
[ll. TIME SYNCHRONIZATION AND POWER ADJUSTMENT terval into the following subintervalsly = [-W, W], I; =
. . . . 7 — i < 1< = [ _
The timing error of the registration packet received at the ceg/-v + U = DAl W +5dT], 1 < j < J, I =W

tral receiver can be much larger than the window centered’ & W ~ (7 —1)dT), 1 < j < J, where

the boundary of two adjacent time slots. The timing error can W, — W
be caused by either the position error or the inexpensive elec- J = {d—T]
tronics of each user terminal [6], [7]. When the arrival time of

a registration packet is outside the window centered at the shotd W satisfies (1). For timing errar € 1;, 5 > 0, deducting
boundary, the central receiver cannot demodulate it correcflyI” will reduce timing error and pull the timing into the time
and will give a “Failure” indication for the registration packetsynchronization window, i.e., (t — jdT') € [-W, W]. For
The multiple-access algorithm has to make sure that a user téning errort € I_;, j > 0, addingjdT will reduce timing
minal with initial timing error outside the window can pull itserror and pull the timing into the time synchronization window
timing into the window within an acceptable time [6], [7]. Iy, ie,(t+ j3dT) € [-W,W].

The power uncertainty of user terminals in broadband slottedTime synchronization can be achieved through a full
Aloha networks can be very large. The following aspects hasearch in the sel = Utj-’z_JIj. The time uncertainty
to be considered to handle the power uncertainty: 1) the initidinge [-W;,W;] to be handled is a subset df, i.e.,
power setting level for each user terminal; 2) CCI; 3) average W1, W1] C I = U']-]:_JIJ-. Let the initial timing error of
time to finish registration; 4) probability of registration failurethe user terminal bg € [—W;, Wi]. Then,ty € I. The user
caused by insufficient power. To minimize CClI, it is better forerminal sends its first registration packet with the timing error
user terminals to start transmission at a low power level. to. Then it performs a full search in the sktn the following

This section discusses how to achieve time synchronizatiovay.
set initial transmission power, and adjust power during the reg-

)

istration process. Time Search Algorithm
F =0;

A. Time Synchronization K = oJ

Time synchronization in the registration stage has to satisfy= 0;
the requirement that the probability of registration failurevhile ( (F == 0) AND: < K) {
caused by timing error must be less than a very small numbér (; == 0) [ = 0;
€. Let f;(t) be the probability density function (pdf) of the user else if  ((i mod 2) ==1) = (i+1/2);
terminal initial timing error. Usuallyf:(t) is symmetric, i.e., else [ = —i/2;

fi(=t) = fi(t). The time synchronization has to make sure that = ¢y, + I x dT;
any user terminal having the initial timing error in the window sendpacket (t);
[~ Wi, W4] can pull its timing into the window, = [-W, W]  F = feedback ();
in the registration process, where the paramBfersatisfies 1 =1+ 1;

oo }

Pr{|t| > W1} =2 fi(t)dt < e. 1)

T The functionSendpacket(t) is for the user terminal to send a

Consider timing errors in the intervéll, = W, t, = W+dt].  registration packet with the timing The functionfeedback() is
Any user terminal having initial timing error in this interval hador the user terminal to wait until it receives a feedback message
to adjust its timing at least once so that its timing will be ifirom the central receiver. The value of the functieadback()
the window Iy, i.e., to be synchronized in time. Let the stefis one, if the registration packet is successfully demodulated by
size to adjust the timing of a user terminal #&. To make the central receiver. Otherwise, its value is zero.
sure that one step can pull any of the possible timing errorsThe search starts at the initial timimg of the user terminal.
in (t1 = W,ta = W + dt] into the windowI,, we need For systems where the initial timing error of user terminals has
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a Gaussian distribution, the probability foy € I, is higher v ' ' ' ’ ‘
than the probability, € I;, j # 0. The probability ofty € I;
or the probability oft, € I_; is higher than the probability
of to € I;41 or the probability ofty € I_(;;1). To minimize
search time, the search checks the intefyaand the interval
I_; before moving to the intervdl; ;; and/_(; 1. T

107?

B. Power Setting and Adjustment -

Let the power that should be received by the central receiv
from a user terminal b&, when there is no power error. The re-
ceived power, in decibels, at the central receiver can be writt
asP = Py+e1+es+es, wheree, is the effective isotropic radi-
ated power (EIRP) variation of the user terminal, which include 10} -
power setability, temperature variation, antenna gain variatic
a unit-to-unit variation across the several hundred megahe - : ; ; ; .
bandwidth and over all units for the specified temperature rang 0 0% ower error (48) = ’ >
es is the gain over temperature variation of the central receiver,
ande; is the power error caused by location error. Usually, tHeg. 3. PDF of the example system wit, B, 0,,) = (1.5,1.0,0.2) dB.
random variable; has a uniform distribution ifi- A, A], where TABLE |
14_ IS Sevgral deCIbe'S. The rar_1dom Va”abi.es unlformly dIS- PROBABILITY OF THE USER TERMINAL INITIAL POWER ERROR e TO BE
tributed in[— B, B], where B is a few decibels. The random GREATER THAN A GIVEN VALUE z IN AN EXAMPLE SYSTEM WITH
variablee; has a Gaussian distribution with zero mean and the (4,B,0,) = (1.5,1.0,0.2) IN DECIBELS
standard deviation as,.

The total power erro¢ = e; + e5 + e3 has zero mean. Its pdf
is the convolution of the pdfs ef;, 2, andes [15]. The received
power at the central receiver has mdanand the pdf

Probability density

10

z (dB) 3.0 3.1 32 33 34
Pr{e > z} | 3.0E-7 | 1.9E-8 | 7.8E-10 | 2.2E-11 | 4.0E-13

Fig. 3 shows the pdf of the power error for an example system
£, (p) =2= PHh+A+B whereA = 1.5 dB, B = 1.0 dB, ando, = 0.2 dB. It can
4AB be seen that the pdf drops quickly in the regior» A + B.
% <Q (P - Ph+A- B) —0 (P — P+ A+ B>> Table | shows the probability for the initial power erroto be
o o greater than, i.e.,Pr{e > z}. To havep;(Py,A = 1.5,B =

p p

1 p—Py—A+B p—Py+A-B 1.0,0, = 0.2) < 1079, we can choos#, = —0.2 dB, relative
+ ﬂ<Q< op ) _Q< o, )) to the threshold powePr.
p—Py—A—B To satisfy (4), the initial transmission power of the user ter-
T 44B minal is setto a valu&, < Pr. So with probability greater than
p—Py—A—B 0.5, the received power at the central receiver for the first reg-
X <Q <0—> istration packet from an individual user terminal is less than the
B P” _ A+ B threshold powePr. This will lead to a failure feedback from the
-Q (p 0 )) + Ip central receiver for the first registration packet. After receiving
%p 4ABV2r the failure feedback, the user terminal can increase the power
% <exp <_ (p—P+A+ B)2> level and resend the registration packet. Let the step size of the
202 power increment bé\ P. The maximum number of allowable
(p—Po+A—-B)? oy power increment steps & = |[(Pa — Py)/AP].
- <_ 202 >> IABVar
P IV. ACCESSALGORITHM
(p—Py— A—B)?
X <eXP <— 902 > All user terminals in the same cell share one common slotted
P 5 Aloha access channel for registration. Collisions may occur as
—exp <_ (p— P~ 2A + B) >) (3) in the traditional slotted Aloha systems [9], [10]. An algorithm
20, has to be developed for each user terminal to access the
whereQ(z) = (1/v2Zr) fmoo . channel, combat the time uncertainty and power uncertainty,

In real networks, it is required that the probability that the r&nd achieve successful access to the network control center

ceived power from an individual user terminal is greater the}ﬁned:gvifezfrfil\j/;je?ftir;tr'zt?ér-]”r]ee ilgstrnv::;rbzat? gﬁssngﬁgg/ Vr\:g\?vn
the maximum allowable poweP,, is less thare,. The initial y 9 q !

power of the user terminal should be set to the maximum equ[\?— ret_ransm|t ?“.er access fa|lure oceurs [11.]_[14]' and how
alent powerP, which satisfies 0 adjust the timing and transmission power in case of access

failure [6], [7].
oo ; . . o
All registration packets that arrive for the first time from user
, = <. . . . L
pi(Po, A, B.ay) Jp, Tr(p)dp < & “) terminals in theth slot will be sent to the central receiver in the
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(i + 1)th slot. If a user terminal receives a “Failure” feedbackif (F == 1) {
for a registration packet, the user terminal has to retransmit theSUCCESS= 1;
packet. The failure can be caused by collision, or wrong timingfor ( k=1; k< M; k+1) {
of the packet, or insufficient power. However, a user terminal has sendpacket (¢, P);
no way to figure out which one is the exact reason. Therefore, F' = feedback ();
the user terminal has to use one algorithm to handle all of the SUCCESS= SUCCESS ANLF;
possibilities for collision, wrong timing, and insufficient power.  randomdelay (L);
In the registration process, the search in the time domain and
the power adjustment have to be performed jointly. To minimize if (SUCCESS==1) {
interference, a full search in the time domain is performed be- triggerULPC (¢, p);
fore the power is increased by one step. After having finished REGISTRATION= 1;
the full search in the time domain, if this user terminal still has }
not received a “Success” feedback for any of the packets sert,
it increases its power by one step and resends the registratieise  {

packet. To avoid time drifting, the user terminal has to reset itsif (i == 0) [ = 0;
timing to the original timing before resending the registration if (i == (2J + 1)) {
packet at an increased power level. i =0;
For the traditional slotted Aloha channel, many algorithms [ = 0;
have been proposed for user terminals to retransmit their packet$
to combat collisions [9]-[14]. These algorithms assume both theelse if  ((i mod 2) == 1) I = (i +1/2);

timing of the packets and the power are perfect. When large timeelse | = —(i/2);

uncertainty and large power uncertainty are present, they are to¢ = ¢y + [ x dT’;

sophisticated to be analyzed. To understand the effects of largeé = 7 + 1;

time uncertainty and large power uncertainty to multiple accessjf (j < ) {

we employ the random delay and retransmission scheme [9]. j = j + 1;

More precisely, after receiving a “Failure” feedback, a userter- p = p + dP;

minal waits for a number ab slots and resends its registration }

packet. HereD is a random number uniformly distributed in }

[1, L]. The numbel. is usually around 10 [9]. randomdelay (L);
Assume a user terminal receives a “Success” feedback forlits

registration packet. Based on the one-bit success feedback for

only one time slot, the user terminal cannot decide with high The functionsendpacket(t, P) is for the user terminal to

confidence which of the following two hypotheses is true: send a registration packet using the timinand the power.
1) Hy:theregistration packet itself was successfully demodthe functionrandomdelay (L) is for the user terminal to have
ulated; a random delay uniformly distributed in the interjal L] in
2) Hy: the registration packet from another user terminglackets. The functionriggerULPC(¢, p) is for the user ter-
sent in the same time slot with a much higher power wasinal to trigger its normal state of communications. Calling
demodulated successfully. triggerULPC(t, p) means the user terminal thinks it has suc-
The user terminal may like to send a few more packets using tteeded in the registration process and can start to transmit and
same timing and power as those for the first registration packeteive packets using the correct timing and correct power level.
which has obtained a “Success” feedback. A registration packet
sent after receiving a “Success” feedback to increase the suc- V. DELAY

ful registration confidence i I nfirmation ket. . . .
cessful registration confidence is called a co ation packet User-registration algorithms have to make sure that each user

The following is the algorithm for each user terminal t(%%rminal can complete the registration process with the network

achievg suqcessful reg?stration with high .confidence t.h.rou%ontrol center in a reasonably short time [6], [7]. The random
combating time uncertainty, power uncertainty, and coII|S|on.delay for retransmission in the proposed at’:cess algorithm is

practical and widely employed in communications networks [9],

t = 1o tion analyzes the effect of user terminal power uncertainty and
P = Py time uncertainty to the delay. The delay performance of the pro-
REGISTRATION= 0: posed algorithm is simulated for a real broadband satellite net-
i=0; work [7].
J=0 .
while  (REGISTRATION== 0) { A. Effect of Power Uncertainty
F =0 The initial transmission poweP] of a user terminal is a
sendpacket (¢, P); random variable. I} > Pr, i.e., the user terminal has enough

F = feedback (); power to close the link, then the user terminal needs to handle
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only its timing uncertainty. I]Plj < Pr, the user terminal has to received once. The probability of the eveén) has a geometric
increase its power by(P; — P/)/AP| steps to have enoughdistribution, i.e.p, = P(E,) = (1 — P,)" 'P;. The time
power to close the link, wher& P is the step size of the powercorresponding to the eveit, is ¢, = (2J + 1)(To + 7 +

increment. KT,)(n — 1) + Ty + 7. The average delay to have the first
Let T, be the slot time, and the average waiting timefbe Packet successfully received is
slots between the time a “Failure” feedback is received and (To + 7 + KTp)

the time to resend a registration packet. Before having enouflso = (2.7 + 1)
power to close the link, the average time for a user terminal to
finish a full search in the time uncertain interval is

Py
—2J(T0+T—|—KTO)—KTO. (8)

To reduce the probability of false registration, our algorithm

requires confirmation packets to be sent uf — 1) con-

firmation packets have “Success” feedback. The average delay

to have(M — 1) confirmation packets successfully received is
Denote the average time aB, to complete registra- De = (M —1)(Ty + 7+ K1p)/Ps. The average delay to com-

. . . lete the registration process for a user terminal starting in the

tion for a user terminal having enough power to clos®

the link, i.e., P/ > Pr. The time to complete regis- stateSo is Dro = Dso + De, 1.€.,

Dy = (2 +1)(To + 7) + 2JK Ty (5)

where(2J + 1) is the number of time search steps anid the
round trip delay.

tration when averaged over initial transmission power is 2+ M T KT
D = [I* [(Py —p)/AP] Dy f,(p)dp + Dy. This average ro = —p—(To+7+ KTo)
time D is called thedelay in the user terminal registration —2J(Ty + 7+ KTp) — KTy, (9)

process, which can be written as
» Consider the case when a user terminal starts the registra-
T Pr—p|, tion process in the stat&,. In Section I, it is shown that the
D=D —_ dp + Dy. 6) . . L T
! / { AP w Tp(p)dp + Do © timing of the user terminal is in any of the interv4lsy_, 7;) U
_ . _ _ Ul 1), I; = (JW = W,2jW + W], 1 < j < J,
J=1 J J
The integral in (6) is the average number of power incremept” _ [Z2jW — W, —2jW + W), 1 < j < J, whereJ =

Prin

steps needed to close the link in the registration process, iﬁﬁvl — W)/dT'| andW; satisfies (1). Employing the proposed

PT H 1 1 . . . . .
N, = [p" [(Pr—p)/AP] f,(p)dp. Substituting (5)into (6), aigorithm, a user terminal having ¢ I; needs to adjust its
we have timing for

D =[(2J + 1)(To + 7) + 2JKTp) N(j) =24, 1<j<J (10)

T P _
X /P 4 { TAPPW fp(p)dp +Do. (7)  times before pulling its timing into thé, = [-W, W] time
synchronization window. For a user terminal havigge 1_;,
Therefore, the delay can be found through analyzihgand the corresponding number is
computing the integration in (7).
Ni(—j)=2j-1, 1<j<J (11)

B. Effect of Time Uncertaint
y Itis understood that adjusting the user terminal timing is driven

Consider the situation where a user terminal transmits aj@ the event that a “Failure” feedback is received for the regis-
power level high enough to be successfully demodulated by figtion packet. After the user terminal pulls its timing into the
central receiver when there is no more than one user termiggla synchronization window, the delay to register the user
transmitting in a slot. When the terminal transmits its first rega minal successfully i®,. Therefore, for user terminals with
istration packet, its packet-arrival timing errigrrelative to the  he initial timingt, € I, the delay isD(j) = N,()(To +7) +
closest slot boundary at the central receiver can be in one of W?( §)K Ty + Do, which can be rewritten as
following three possible stateSy = packet timing error inside
the time-synchronized windody, = [-W, W]; S; = packet D(j) = 2j(To + 7+ KTy) + D,o. (12)
timing error satisfying < [to| < W;; Sy = packet timing
error satisfying|to| > Wi. In Section II, it is shown that the Similarly, for user terminals with the initial timing € I_;, the
probability for a user terminal to be in stafe can be negligibly delay is
small, if Wy is properly chosen. We focus on the two stafgs
ands; in finding the delay. D(=j) = (2j = 1)(To+ 7+ KTy) + Dro.  (13)

Assume a terminal turns its power on in slégt — 1) and
starts its registration process in the stéteat the slotk with
enough power to close the link. Assume the traffic in the slott
Aloha channel for registration has a Poisson distribution wi
arrival rateG < e~! [9], [10]. Let P, be the probability of J
successful transmission for each packet.igbe the eventthat p, = D, + Z(Nt () + Ne(=)(To + 7+ KTo)p(j) (14)
a packet needs to be transmittedmes until it is successfully i=1

Denote the pdf of the user terminal initial timing #st).
ter having enough power to close the link, the delay to com-
ete registration, when averaged over the initial timing, is
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where 4 T ; :
2 W +W " e
)= [ o as) | s el
2JW—-W :
Substituting (9), (10), and (11) into (14), we have 3
20 + M i
D():T(T0+T+KT0)—2J(T0+T+KT0)—KTO %‘
J 2jW+W % :
+5 (4= )(To + 7+ KTy) / f(t)dt. (16) %
= J2jw—w

Here, Dy is the delay to complete the registration process aftt
a user terminal has enough power to close the link.

15 L L 1 1 1

C' AVeragd:)elay 008 01PonssonArnva(I)F11a5taG(packetslzlit) 028 o2
Substituting (16) into (7), we have the average delay of ﬂl‘£e 4. Average delay of user registration. The dashed line is for
user registration process as (‘POVAP) = (0,1) dB, whereP, is the initial power bias and\ P is the
power adjustment step size. The solid line is (6%, AP) = (—0.2_, 1) dB.
D =[2TJ+1)(To + T) + 2JKT) (T]r;: ia;r)l—go(tt_eggngés) Lc(;%,AP) = (0,0.5) dB. The dotted line is for
P p, (Po, :
X AP fp( )dp
2’3"*" M parametefV/ is a function of the power uncertainty, as will be
+ ;(To + 7+ KTp) shown in S_ectio_n VI _ _
Py The registration packets having power higher than the
= 2J(To + 7+ KTp) — KTo threshold powerPr can cause collisions and will affect the
J delay. The collision rate is determined by the registration
+ (To + 7+ KTp) Z 4j—1) traffic. The effect of registration traffic on delay is contained
) J=1 in the second term in (17). Finding a closed form for the
y 2WHW Fi(t)dt 17) probability P; to have a packet successfully received in the user
2 W W ¢ ' registration process is nontrivial and will be discussed in future

study. We resort to simulation to study the effect of registration

The average delay of the user terminal registration processrisffic on delay. The registration packet traffic is assumed to be
determined by timing uncertainty, power uncertainty, traffic &f Poisson process with the arrival rate
registration packets, and system parameters. The performance of the proposed algorithm is simulated for

The initial timing uncertainty of each user terminah real broadband satellite communications network employing
affects “the average delay through the integratioshboard switching [6], [7]. The position determination em-
Z - fjjﬁﬁiv fi(t)dt and the parameted. The ployed by each user terminal gives a Gaussian error with zero
parameterJ is chosen usmg (2) and (1) to satisfy the systemmean and a standard deviation of 2 km. The user terminal initial
specification. The size of the time synchronization windowming error has a Gaussian distribution of zero mean and a
Iy = [-W,W] is determined by the time synchronizatiorstandard deviation ag = 6.6 ms. The pdf of the user terminal
requirements in the system and the time needed fiitial power is given by (3) with(A, B,0,) = (1.5,1.0,0.2)
the central receiver to finish the processing of tlith in decibels, and the initial power bid either as 0 dB o¢-0.2
packet and to start the processing of tye+ 1)th packet. dB. The threshold power levél to close the link is 0 dB. The
It is preferable to have this window as narrow as pogower adjustment step size is either 0.5 dB or 1.0 dB per step.
sible to have high system time-utilization effi-The slot time isIy = 3.5 ms per time slot. The round trip delay
ciency. Given the distribution of the user terminal iniis 0.5 s. The average number of slots to wait after receiving a
tial timing, decreasing the size of the winddw will slightly  “Failure” feedback and before resending a registration packet
increase the average delay in the registration process. Theg( = 10. The minimum initial power of a user terminal is
entire user registration process takes a short time by employing;, = —5 dB, and the maximum allowable powerfs, = 3
the proposed algorithm. The slot structure of the network ¢B. The time synchronization window & = [-8,8] us.
the same for all types of packets, including traffic packets arhe registration failure probability caused by the user terminal
registration packets. It is still worth decreasing the size giitial timing error outside the windoyj—W1,W1], i.e., the
the window [, so that the system time utilization efficiencyprobability Pr{|t| > W3} in (1), is 7.6E — 7 if we choose
can be increased. J =1in(2),0r3.0£ — 17 if we chooseJ = 2.

The contribution of the power uncertainty of each user Fig. 4 plots the average delay. The total number of “Suc-
terminal to the average delay is contained in the integreéss” feedback received by each user terminalfis= 2. For
fIfT [(Pr —p)/AP] fy(p)dp and the parameted/. The each pointV = 10° user terminals are simulated to complete
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think falsely that its registration packet was received success-
fully. This event is calleadverride When override happens and
no further steps are taken, the user terminal of lower power may
mistakenly quit from the registration process, although it has not
succeeded yet. This section analyzes the probability of override
in slotted Aloha networks.

Without loss of generality, assume tile user terminal and the
jth user terminal use the same slot to send registration packets.
LetY = Cr/N be the threshold carrier-to-noise power ratio for
auserterminal to close the link, a6 = nCr be the maximum
allowable carrier power. The following are the sufficientand nec-
essary conditions for the signal of itk user terminal to override
the signal of thgth user terminal: 1¥'r < C; < C, = nCr,
n>1;2)C;/(N + C;) > Y,whereC; isthe carrier power of the
] . , , sithuserterminal. Usually, > 1.Condition 2) implies”; > C;,

2 4 8 8 10 2 " andC; increases linearly witld;.

Delay (seconds)
Let C; = aC;. To satisfy Condition 2), we hawe > Y1
Fig. 5. Probability density of the delay to complete user registration in tfte i i fy ) — [ +

'l J T )
example system. The circle lines are r= 0.1, and the diamond lines are Cij/N)*]. Th|s.|nequa“ty implies the follqwmg results.
for G = 0.2. When the carrier power of thegh user terminal is much larger

) ) than the threshold carrier power, i.€, > Cr,orC;/N > Y,
the registration processes successfully. It can be seen thatithe syfficient for the signal of théth user terminal to override

average delay increases rapidly with the Poisson arrival rafg signal of thejth user terminal, it; > Y C;.
G. For G < 0.3, the average delay to successfully complete | ot C; = BCr. To satisfy Condition 1)J we have: =

the user registration process is less than 4 s. For a real sysE@g@T < yCr,i.e.,af < n.Condition 2) requireg 3C /(N +
with the registration packet arrival as a Poisson process havj@gT) N Cr/N, ie. 1 1 BY < af. We haved < B, =

G < 0.10, the average delay is less than 3 s. When the powgr_ 'y /y") Therefore, a signal of carrier power higher than
adjustment step size 8P = 1 dB, reducing the user termmaIﬁOCT = (1 — 1/Y)Cy cannot be overridden by another signal
initial power biasP, from 0 dB to—0.2 dB increases the averaggnhose power is bounded [y, = 5Cy. For example, if =
delay slightly, although the probability for the user terminal iniy- _ 2, theng, = 0.5.

tial power to be higher than the maximum allowable poWgr i ywo user terminals both have enough power to close their
decreases fro.0% — 7 to 7.8 — 10. When the power ad- jinks j.e.,C; > Cr andC; > Cr, a necessary condition for the
justment step size ia P = 0.5 dB, reducing the user terminal sjgna| of one user terminal to override the signal of the other user

initial power biasP, from 0 dB to—0.2 dB increases the av-iarminal isy > Y + 1. This result can be obtained by noticing
erage delay by about 10%.

Fig. 5 shows the corresponding pdf of the delay in the reg- nCr
istration process. The abscissa is the delay seconds. The Cr < & < N_ (18)
ordinate shows the numba¥; of user terminals divided by the N ~N+C; — 1+Crp°
total numberN of user terminals simulated, wheré, is the N

number of user term_inals whose delay is in the rafige 1, ] In a typical broadband slotted Aloha netwoik, > 2, which
seconds and is the integer. It can be seen that when the alr'quiresn > 3. If the maximum allowable povVer of a user

Uval rate G increases, the pdf corresponding to the POWET A minal is not higher than three times the threshold power, the
Justment step siz& :rl.O dB spreads out appargntly qUICkersignal of one user terminal will not override the signal of another
than that forA P> = Q'O dB. This means the variance of theuser terminal, but both have enough power to close their links.
delay forAP = 1',0 mcreases_faster t_h"?‘f‘ the variance of the consider that two user terminals access a system using the
delay for AP = 0.5 dB. Reducing the_|n_|t|al power bias fromsame slot. Assume the signal carrier power of either user ter-
P = 0dBtoFy = —0.2 dB has negligible effect on the IOdfminal in decibel scale has independent, identical distribution

of the delay, which means its effect on the variance of the delgy y\ ith the pdf The probability for one sianal to over-
is negligible. Therefore, it is preferable for the system to ha ﬁie .t)hv(-\:"other Ec, T (p). P ity 9 v

(AP, Py) = (0.5,—0.2) dB.

Bo Cmax/CT
V1. PROBABILITY OF FALSE REGISTRATION FPow :/C /o /1+Y_T Ty (@) fp(y)drdy. (19)

In user reg|str_at|on processes, it can happen that tyvo d.\.rhIIS probability can be bounded by
ferent user terminals access the system in the same time slot.

If the signal power level of one user terminal is much higher.s, Cinax/Cr

than that of the other user terminal, the registration packet ¢f fp(x)dﬂf/ Fo(y)dy < Pow
higher power can still be demodulated successfully. The centrél»in/¢r 1+Y 8o
. . « ” . Bo Cmax/CT
receiver will send a “Success” feedback to both user terminals. < / £ )d:p/ £.(y)dy. (20)
Such a feedback will make the user terminal of lower power JCumimsor " J1i4y G jOr Y,09-
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For more than two user terminals accessing the system usind et
the same time slot, the probability for the signal of at least one

user terminal to be overridden is less thdp,. The necessary 8o
condition for the signal of at least one user terminal to be ovey;, = (1 —e G _ Ge—G) / fp(z)dz
ridden conditioned on more than two user terminals accessing Cumin/Cr
the system using the same slot is Crmax/CT
< fw)dy. (28)
C; J14Y Cmin /CT
—_—>Y. (22)
N+ %; Cj Define that the event of a successful registration for each user
JF

terminal is that the user terminal has to sédddentical regis-
Without loss of generality, assumé; > C; > C, tration packets and receivid “Success” feedback messages. To
where {k|k > j + 1} is the set of users that collidedmake sure the probability of false user registration is less than
with the ith user terminal and theith user terminal in ¢, We canchoose/ asthe smallestinteger to satigff < ¢/,

the same slot. The inequality (21) can be rewritten a-

C; 2 Y(N +Cj+3 ;511 Ck). Assuming the power of each

user terminal is i.i.d., we have - |loser | (29)
log pou
Pr C; >yl pr C; Sy which is usually given as a specification in broadband slotted
N+C; ~ N+Cj+ > Cp~ " Aloha networks. This numbeV/ is the number of times a reg-
k2j+1 22) istration packet should be sent by a user terminal using the reg-

Thi th bability f ianal to b idd histration algorithm in Section IV.
IS means the probabrlity for one signal to be overridden wheng, -, example system shown at the end of Section V, we

more than two user terminals use the same slot is less thanﬁE5

Sosen =Y = 2, ie, 3dB. Thengy, = 0.5, i.e., —3
probability for one signal to be overridden when there are on Aoplving (28 P T
. . . atG = 0.3, we havep,, = 1.7F — 8.
two user terminals using the same slot. pplying (28) P

Let 7. be th tthat the sianal of at least i . If the system requires that the false registration rate is lower
_-etzibeiheeventinatine signaiotatieast one usertermng, , 10°%, thenM = 2 identical registration packets have to
is overridden by signals of other user terminals accessing

¢ ina th lot. Th babilitv of thi i & sent from each user terminal in the registration process, and
jvx;}sttir:;smg € same siot. The probability ot this event can 9, «syccess” feedback messages have to be received.

Pr{Zi} = > Pr{Z, X} = > Pr{Z|X}Pr{X} (23) VIl. CONCLUSIONS
X>2 X>2
B B The proposed algorithm can jointly achieve time synchro-

where X is the number of user terminals using the same slatization, power adjustment, and user terminal registration for

andPr{Z,|X = 2} = P,,,. From (22), we have broadband slotted Aloha networks having very large numbers
of user terminals. Each user terminal can have nonnegligible

Pr{Z;|X > 2} < Pr{Z;|X = 2}. (24) timing uncertainty and nonnegligible power uncertainty. Initial
power setting for each user terminal is provided to make sure

Substituting (24) into (23), we have the probability of the initial user terminal power is higher than
a certain level, is less than any value specified by network inter-
Pr{Z:} < Pow Z Pr{X}. (25) ference requirements. The quantization of user terminal timing

X>2 error is discussed to have the probability of registration failure

) ) . caused by a large timing error less than any prespecified value.
Assume that the registration packet arrival to each slot hasge effect of time uncertainty and power uncertainty to the av-

Poisson distribution. The probability for each slot to have MO age delay of the user terminal registration process is analyzed.
thanone packetis’ ., Pr{X} = 1-Pr{X = 0} =Pr{X = | j5 shown that the average delay is a few seconds in a real
1}, which can be rewritten as broadband slotted Aloha network with the registration packet
o o arrival rate not higher than 0.3. The registration packet arrival is
Z Pr{X}=1-e" —Ge (26)  assumed to be a Poisson process. The probability of false regis-
X2 tration is analyzed, including the probability of override in the
aditional slotted Aloha system. By employing the proposed
Igorithm, broadband slotted Aloha networks can use a large
number of inexpensive user terminals having otherwise nonneg-
Bo ligibly large time uncertainty and large power uncertainty. The
Pr{Z1} < (1-e7% - Ge ) / fp(z)dz system cost can be reduced tremendously. The proposed algo-
CC/C/’C rithm makes it possible to use very small guard time between
«Conax /Cr _ ) i . )
/ )y @7) adjacent time slots to increase the efficiency of using system

J14+Y Cpin /Cr time.

whereG is the registration packet arrival rate. Substituting (2(§
and (26) into (25), we have

X
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