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Abstract

Multiuser diversity (MUD) underlies much of the recent wask scheduling design in wireless
networks. This form of diversity can for example be explditsy opportunistically scheduling the mobile
user with the best channel quality [1]. In cellular netwodkploiting MUD, the base station collects
channel state information (CSI) from the mobile users. Tioe@ss of obtaining CSI will be performed
within aguard time and the length of this guard time will depend on the feedlpmokocol implemented.
In this context, it has already been shown that by applyindtiple carrier-to-noise ratio thresholds,
the number of mobile users giving feedback can be significatgcreased [2]. However, it has not
been evaluated how the algorithm in [2] can be implementgutatocols for real-life networks. In this
paper we analyze feedback protocols for reducing the gimeldnd resolving the feedback contention
problem in a cellular, slotted ALOHA-based network. We pysg three new feedback protocols based
on the algorithm in [2] and we develop closed-form exprassitor the guard time duration and the
system spectral efficiency of these protocols. We also coenh@ three new protocols with the Splitting
algorithm proposed by Qin and Berry [3] and a new and modifigion of this algorithm. Plots show
that the spectral efficiency in an IEEE 802.11 network cameiase significantly for a high number of

users when the Modified Splitting algorithm is used.



. INTRODUCTION

In a wireless network, the signals transmitted from a bast@stto different mobile users often
have different channel fluctuation characteristics. Thvemity that exists between the mobile
users is callednultiuser diversityMUD) and can be exploited to increase the throughput of
wireless networks [1]. One way of exploiting MUD is by mearisopportunistic schedulingf
users, giving priority to users having favorable channelditions [4], [5]. The Max Carrier-to-
noise Scheduling (MCS) algorithm, where the user with th& bbannel quality is scheduled in
each time-slot, maximizes the MUD in a time-slotted netwdi be able to take advantage of
the MUD, the base station needs feedback from the mobiles ug®ut their respective channel
conditions. If the MCS algorithm is used, the base statidg needs feedback from the user with
the best channel conditions, but unfortunately each uses dot know the carrier-to-noise ratio
(CNR) of the other users. Therefore, in current cellulangéads like Qualcomm’s High Data
Rate (HDR) system, the base station collects feedback fibtheausers [6]. In a time-slotted
cellular network that exploits MUD, the base station can teefirst part of the time-slot to
collect feedback from the users and to decide which userhedide [3]. We call this first part
of the time-slot theguard time Collecting feedback from all the users in a system can leaa t
significant guard time and hence it is important to inveségdternative protocols for obtaining
feedback.

One way of reducing the guard time is by implementing feeklzdgorithms that utilize&CNR
thresholdsto reduce the number of users giving feedback and still be &blexploit MUD.
At least two different types of such threshold-based feekibelgorithms have already been
proposed. The first type was initially proposed by Gesbedlt Alouini and is based on a single
CNR threshold value [7]. The users that have a CNR above thisevgive feedback to the
scheduler. This algorithm does not always find the user vghhighest CNR because there will
always be a possibility that all users are below the threskalue, and in this case a random
user is chosen. A generalized version of this algorithm hss been proposed [2]. By using
several threshold values, the scheduler can request feediba successive fashion starting out
with the highest of the threshold values. If the lowest thodd value is zero, the user with the
highest CNR will always be found.

The second type of threshold-based feedback algorithm vegeoped by Qin and Berry and is



based on the ideas from binary search [3]. The prop&mitting algorithmfinds the user with
the best channel quality by using an iterative procedurepiate two CNR threshold values
when the users are using a common ALOHA channel.

Contributions. For the Splitting algorithm, the guard time has already ka®alyzed for a slot-
ted ALOHA channel. However, the multiple threshold aldumitin [2] has not yet been analyzed
for a slotted ALOHA channel and it is therefore hard to decidech of the two threshold-based
algorithms that perform best. In this paper we propose these cellular ALOHA protocols for
the algorithm in [2] and compare the performance of theserdhlgns with the Splitting algorithm
as well as with a new and modified version of the Splitting dthm .

Organization of the paper. The remainder of this paper is organized as follows. We oeithe
system model and the problem formulation in Section II, aresent the five feedback protocols
under study in Section Ill. In Section IV and Section V we depeanalytical expressions for
the guard time and the system spectral efficiency, resggti®ection VI discusses how the
protocols should be optimized and presents plots compatliegguard time and the system
spectral efficiency of the resulting five feedback protogonlan IEEE 802.11 network. Finally,

our conclusions are listed in Section VII.

Il. SYSTEM MODEL AND PROBLEM FORMULATION
A. General System Model

We consider the downlink of a single-carrier cellular netwahere the base station wants
to transmit data taV mobile users which have identically and independentlyrithsted (i.i.d.)
CNRs with an average of. The channel is ALOHA-based, i.e., all the users can acdess t
network at the same time. When more users transmit packatdtaneously, this will result in
a collision and the information in the packets will be degtah The system uses time-slotted
transmission and for each time-slot with duratibfs, the base station schedules a user which
will receive data. We assume slowly varying fading chanmetb a coherence time that is longer
than one time-slot. This means that the same transmissierisaised for the whole time-slot.
The system uses adaptive coding and modulation, i.e., tdegscheme and the modulation

constellation used depend on the CNR of the selected usgrTh® has two advantages. On

IThis paper is partially based on the work in [8] and [9]



one hand, the spectral efficiency for each user is incre@edhe other hand, because the rate
of the users are varied according to their channel conditidtnmakes it possible to exploit
MUD.

To be able to select the user which will receive data, the bt®n needs to receive channel
state information (CSI) estimates from one or more usersh &1 estimates can be obtained
from pilot symbols that are transmitted in-between the databols. For the three feedback
protocols that are based on [2], we usdeedback thresholds denoted oy ;, >h 1> - >
Tho to search for the users in a sequential manner. For convanier defineyy , = co and
Mho = 0, so that we can search for mobile users within the whole CNRjealnitially, we
search for users that have a CNR aboyg, ;. If no users are found, the feedback threshold is
lowered toy ,—2, and we search for users that have a CNR above this threstuadalgorithm
lowers the threshold value sequentially until one or momersisire found. We denote the CNR
interval where the first user is found as #heccessful intervadnd process of checking for users

within one interval is referred to astaal.

B. Further Specifications for an IEEE 802.11-Based Network

We want to investigate the gain from using multiple feedb#ulkesholds in a cellular IEEE
802.11 network [11]. In such networks, the access mechaisigkchOHA-based, and one of the
main problems that can arise in such networksaliisionsbetween packets. To avoid collisions,
a handshaking mechanism is often used between the traesanit the receiver before starting
any data transmission. The transmitter send3eguest To Sen(RTS) packet to the receiver
asking if he can transmit. The receiver replies witlaar to SendCTS) packet if he is ready
for data reception. If we want to deploy the proposed feeklaotocols in an IEEE 802.11
network, we can use packets similar to RTS and CTS to contadeedback collection process.
Consequently, we define four different packets based onehergl frame format defined in the
IEEE 802.11 standard [11]:

« Query (QRY) packet

« Feedback (FB) packet

« Reservation (RES) packet

« Acknowledgment (ACK) packet



The QRY packet is used by the base station to initiate thebiedcollection process. This
packet contains the addresses of all the users that havetaatxeive and the number of
thresholdsL applied. As shown in [2], each of the users can calculate ¢edlfack threshold
values from the number of useng, the number of thresholds, and the average CNR of the
users. When all the users have calculated the thresholéssatlne feedback collection process
can start. We denote the duration of this packet, includiregacket processing time and the
propagation delay, aory [seconds].

The FB packet is transmitted by the mobile users and conthm<SI estimate of a user’s
channel. This packet is also used for all the five protocoisllea in this paper. Including packet
processing time and propagation delay, this packet hasutedion 7rg [seconds].

The RES packet is transmitted by a mobile user to inform ttse Istation that he is not in the
successful interval (Ranked Single-User Feedback prftocdhat he has a CNR between the
two current threshold values (Splitting algorithm). Altlgh the RES packet does not contain
any information (See Section VI-A), it makes the base statiole to detect if one or more users
are between two threshold values. The total time to tranamit process this packet is denoted
Tres [seconds].

The ACK packet is transmitted by the base station to infornthal mobile users in the system
about the status of a recent FB or RES packet transmissioi. plackets were transmitted, this
packet contain®, while for a successful packet transmission the ACK costdinHowever,
when two packets have collided, this packet cont&ndenoting an erroneous transmission. It
should be noted that not all FB and RES packets need no bevealily an ACK packet. The
aggregated transmission and packet processing time opd#uiset is denotedarck [seconds].

In IEEE 802.11-based networks, all these packets are titeghat the base rate of the system

and we assume that the bit error probability of these packetzero.

C. Problem Formulation

The main goal of this paper is to propose and analyze threeqois based on the feedback
algorithm proposed in [2] and compare these protocols whth $plitting algorithm, both in
its original and modified version, for an IEEE 802.11-basetivork. We want to evaluate the
different feedback protocols according to th&llaximum Average System Spectral Efficiency
(MASSE) performance. The MASSE [bits/sec/Hz] is definedresrhaximum average spectral



efficiency that is possible within a cell, averaged over a#t iV mobile users. To be able to
investigate the MASSE, the guard time, i.e., the duratiotheffeedback collection process, has

to be quantified. This guard time analysis will be conducte&eéction IV.

[1l. PROPOSEDFEEDBACK PROTOCOLS

In this section we will give an overview of the five differerdefdback protocols handled in
this paper. The first three protocols are new and are baseaeocaldorithm proposed in [2]. The
fourth protocol is the Splitting algorithm introduced in] [@nd the fifth protocol is a new and

modified version of this algorithm.

A. Ranked Full Feedback

For this protocol, all the users that are above the curreastold value are allowed to transmit
their CSI estimate simultaneously. For the first trial therasthat have a CNR abovgn ;_,
are allowed to transmit feedback. If there are none, theshimie is successively lowered to
Yh -2, Ythi-3," * > Ytho. Consequently, the threshold is successively lowered fegdback is
successfully transmitted or a collision occurs. Each igahssigned the duratioheg + Tack,
so that an FB packet followed by an ACK packet can be transthifthanks to the ACK, all
the users in the system will be informed if other users tratiethfeedback.

If a feedback transmission happens without a collision (ATK the guard time is over.
However, if a collision occurs (ACKe), the contention problem is solved by letting all the users
transmit their feedback sequentially depending on theik in the system. The rank is simply
an ordering pre-assigned by the base station. All the usgrgransmit their feedback to the
base station during a tim& - Trg; hence the user with the highest CNR is guaranteed to be

found, which will maximize the MUD gain in the cell.

B. Ranked Single-User Feedback

As for the Ranked Full Feedback protocol, the Ranked Sihigler Feedback protocol also
lowers the threshold values in the same successive fashiding all the users the opportunity
to transmit their feedback simultaneously for each tridde urationlrg + Tack iS assigned to
each trial and the guard time is over if a successful FB pattkesmission occurs. However,

instead of letting all users transmit their feedback if aiswn occurs, only the user with the



highest rank within the successful interval transmits kesdback. When a collision occurs, the
user with the highest rank is first given the opportunity ngmit his FB packet. If this user
is within the successful interval, the FB packet is trantedital-ACK packet is broadcasted,
and the guard time is over. However, if a user is not withinghecessful interval, he transmits
a RES packet and the base station will broadcast an ACt=inform the other users that
this user’s transmission is finished. Now, the user with theoad highest rank will be given
the opportunity to transmit an FB packet. This process ooes until one of the users have
transmitted an FB packet and the base station has broada@$t&CK. For this protocol, the
base station will not receive CSI feedback from all the userthe cell and, hence the user
with the highest CNR is not always scheduled. Consequeatbgrtain MUD degradation will
be experienced. However, the guard time will decrease, iwhitl contribute to an increase in
the overall MASSE. This protocol can also lead to an unfasngroblem: If the rank of the
users is fixed, the users with the highest rank will on avelzgselected more often than the
users with lower rank. To have a more fair protocol, the rahthe users can be changed from

time to time.

C. Exponential Backoff

For this protocol, as for the two protocols above, all thersisge given the opportunity to
transmit their FB packets simultaneously for each triallumsuccessful feedback transmission
or a collision occurs. Each trial has the duratifits + Tack. For this protocol, the contention
problem is solved by using a tailored version of the Expoiaé®ackoff scheme [12]. If only
one user is above a threshold, he will successfully feed hac&€SI and the guard period will be
over. However, if a collision takes place, the feedbackanaission probability is lowered for the
users within the successful interval and these users ane gigan the possibility to transmit their
feedback within a timérg. After this time period the base station broadcasts an ACtketa
to inform the users about the status of the feedback cadleqgirocess. If more collisions are
experienced (ACKe), the transmission probability for the users within thecassful interval is
lowered one more time. The transmission probability is f@nged if no users are transmitting
feedback (ACK®). This process will continue until one user has conductattaessful feedback
transmission (ACK%).

It can be shown that fon users contendingl/»n will be the transmission probability that



maximizes the probability for a successful transmission[d] it has also been shown that
the most probable number of users participating in a coliss two. Consequently, for the
Exponential Backoff protocol the transmission probapilg halved for each feedback collision.
This protocol gives an increase in the fairness since a rangser within the successful interval
transmits feedback. However, the user with the highest CiNot always feeding back his CSI
and the MUD gain is not maximized.

D. Splitting Algorithm

The Splitting algorithm was proposed by Qin and Berry in [BHlaises principles from binary
search to look for the user with the highest CNR. This prdtases two threshold values and
the users that have a CNR in the interval between these tidssshould transmit a RES packet
simultaneously. The goal is that only the user with the baanhaoel quality should be captured
between the two thresholds. Initially, the highest thréglemuals infinity and lowest threshold
equals the value that maximizes the probability of having aeer in the interval between the
two thresholds. If more users have a CNR in the interval betwie two thresholds, the base
station broadcasts a®ACK and the interval is split in two by increasing the lowdsteshold
value. However, if no users transmit a RES packet within tierval, a0-ACK is broadcasted
and the highest threshold value is set to the lowest thrdskadlie and the lowest threshold value
is lowered. If only one user transmits his RES packet, thes lsigtion knows that this is the
user with the highest CNR and1aACK is broadcasted. Finally, this user can transmit his CSI
estimate by using an FB packet and the guard time is over.]lit [8 proven that maximally

2.5 iterations are needed on average to find the user withakiedhannel quality.

E. Modified Splitting Algorithm

As will be clear from Section VI-A, the RES packet is only slity shorter than the FB
packet in an IEEE 802.11-based network. We therefore pmpasiodification to the Splitting
algorithm where an FB packet is used for the iteration proaestead of a RES packet. For this
protocol the iteration process will be slightly longer thimm the original Splitting algorithm,
however; the total guard time for an IEEE 802.11-based rtwall be shorter since it is not
necessary to transmit an FB packet after the iteration gsoce
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IV. GUARD TIME ANALYSIS

The goal of this section is to develop analytical expression the guard time for the Ranked
Full Feedback protocol, the Ranked Single-User Feedbamtkqol, and the Exponential Backoff
protocol. These guard time expressions will be needed irexfpeessions for the MASSE (See
Section V). To make the analysis simpler, we assume that tingtidn of the QRY packet is
zero. Since the QRY broadcast time is the same for all thebBddprotocols described above,
this assumption will not affect the difference in guard tibetween the different protocols. Even
if feedback is requested from all the users, a similar QRYkpaoeeds to be broadcasted to
inform the users about the order of their feedback transamssince the users that have data
to receive can change from time-slot to time-slot.

For the three proposed feedback protocols based on [2], dh&ber of intervals checked
before the successful interval is reached, is identicaé mmber of threshold values checked
beforethe successful interval is found (number of trials), dedaté, will influence the guard
time significantly.)/ can be modeled as a discrete random variable, and the plibp&iat A/

has the valué can be expressed as follows:
Pr(M = l) = P’iv(’yth,L—l) - Pfiv(f}/th,L—l—l)v [ = 07 17 Y L— 17 (l)

whereP, (-) is the cumulative distribution function (CDF) of the CNR fame user. This equation
expresses the probability of one or more users being inviakérwhile the rest of the users
have lower CNR levels. The expected number of trials befbeestuccessful interval can now

be expressed as:

h
L

E[M] = l [PVN(Vth,L—l) - Pfiv(%h,L—l—l)]v (2
!

where H:] denotes the expectation operator.

Il
o

A. Guard Time for Ranked Full Feedback

The time duration after the successful interval is found loarexpressed as the sumf coi;
and7g nocoll;» Where the former is the guard time contribution in the casellsion takes place
in the successful intervdland the latter is the guard time contribution in the case only user
is found in the successful interval The expected values of these guard time contributions can

be expressed as:
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N

E[T6 con] = [(N + 1)Tes + Tack] - Y p(l,n), 3)
and
E[TG,nocoILl] = (TFB + TACK) -p(l, 1)» (4)

where p(l,n) denotes the joint probability mass function (PMF) assedauith the event of
havingn users in the successful interviali.e., < v, vthi+1] [2]:

pltn) = () (75 nen) = P )P, (o) ©

Now, the total expected guard time for the Ranked Full Feekllpaotocol can be expressed

as:
L-1 L—-1
E[Ts] = (Trs + Tack) - EIM] + Y E[Te cond] +  _ E[TG nocolt; (6)
=0 =0

for L > 1. For L = 1, all users will be within the successful interval. Thereforollisions can be

avoided, and the guard time equals the guard time for theHadtiback protocolig = N - Trg.

B. Guard Time for Ranked Single-User Feedback

As for the Ranked Full Feedback protocol, the time duratiber dhe successful intervalis
found can be expressed as the sum of the time contribufigng; and7Zg nocol;- The expected
time contribution from the case where no collision takeE@Jdg nocols; iS the same as for the
Ranked Full Feedback protocol given in (4). The expressionihfe time contribution in the case

of a collision yields:

N
ElTG.cot] = 2(Tes+ Tack) Y p(l,n
n=2
N n
N—-k—-1
+ (Tres+ Tack) sz( "1 )
X (Py(yhirr) = Py (vn)" Py ()™, (7)

where the first factor appears because one FB-collisiorsafghen the successful interval is
found and one FB packet is transmitted because the user hathhighest rank within the
successful interval feeds back his CSI, while the secontbifas derived in Appendix I. The

total expression for the expected guard time is the same 46)inAs for the Ranked Full
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Feedback protocol, the guard time expression is only valid.f> 1. For L = 1, only the user
with the highest rank feeds back his CSI, which gilgs= Trg. This CSI estimate is used to

adapt the coding and modulation.

C. Guard Time for Exponential Backoff

The Exponential Backoff scheme can be described by the Matkain shown in Fig. 1.
Considering any successful intervialwe define the staté = i as the number of collisions
that have occurred. When the first collision occurs, thequaitgoes to staté = 1 where the
transmission probability ig’. For each new collision, the state is incremented, and the ti
contribution from switching to a new state T&g+7ack. As mentioned in Section IlI-C, the
value ofq is one half, so the transmission probability is halved facheatate. The probability
for successful feedback transmission in state i is Psycc = nq‘(1 — ¢*)"!, wheren denotes
the number of contending users. Correspondingly, the pibtyathat none of the users are
transmitting feedback in staté = i is equal to Ray = (1 — ¢*)". Because the sum of all
transition probabilities from one state equals unity, thebpbility for going to the next state is
Prext= 1 — (1 — ¢")" — ng'(1 — ¢")"~'. The joint probability of entering staté= i, and having
n contending users in the successful interhatan be written as a sum of the probabilities of
the mutually exclusive events in the previous state that teathe next:

n(i,l,n) = w(i—1,1,n) Pnexty (Pstay"
k=0
1 — (1 _ qi—l)n _ nqi—l(l _ qi—l)n—l
I—(I—g)" |
for i > 1. Forn > 2 andi = 1, n(i,{,n) equals the probability that there are multiple users

= 7w(i—1,0,n) (8)

in the successful interval, consequentlyl, !, n) = p(l,n). Forn = 1, there are no collisions
(2 = 0) and we haver(0,1,n) = p(l,n).

By nesting the recursive relationship in (8) downite: 2 and using the relations(1,1,n) =
p(l,n) andn(0,l,n) = p(l,n), we obtain:

i—1

7(i,l,n) = p(l,n) H

=1

1—(1—qm)" ’ ©)

for i > 0 andn > 1. Note that the value = 0 can only arise whem = 1, and that the product

in this expression reduces to unity whea:- 0 or i = 1. Now we can insert (5) into (9) and find
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Peon Prext Prext Prext

Successful FB-trans.

Fig. 1. Markov chain illustrating the exponential backatheme.

all the transition probabilities (i, [, n) for any number of contending usersin any successful
interval .
To find the number oflrg+Tack used due to no feedback transmission, we calculate the

probability of stayingk transmission attempts in stafe= j:
Pr(&, = k) = (1 — Pstay) - (Pstay)” = (1 = (1 = ¢/)") - (1 = ¢')")". (10)

This is ageometric distributionand consequently, the expected numbefig§+Tack used in
state/ = j, Ky, can be shown to be [13, (1.113)]:
1-¢)
1—(1—g¢)"
Summing this expression over all the stabefore and includingstate/ = ¢, for a successful

E[K]j,n] = (11)

feedback transmission in state= i, and using the law of total expectation, the expected number

of Teg+Tack before experiencing a successful feedback transmissigncan be found as:

L-1 N oo i .
E[K,] = > > > D ElKiljn]-7(i,l,n) - Psuccy (Pstay)”
=0 n=2 i=1 j=1 k=0
L-1 N oo 1t ; . .
B 353)3) SELELIUSIFPIRT LSS

0
Denoting the number of collisions k3, the expected number of collisions before successful

feedback transmission can be found in a similar way:

i1 _ iyn—1
E[K,)] = i -m(i,l,n) - ng'(1—¢)"

1=0 n=2 i=1 1-(1-¢)
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The expected guard time can now be found as:
E[TG] = (Trs + Tack) (1 + E[M] + E[K,] + E[K3)), (14)

where the singlélFg+Tack denotes the time it takes for the user to transmit his FB pgacke
successfully. As for the two ranked protocols, the firstisah will be avoided wher. = 1 (all
users are within the successful interval). Therefore, Gag-Tack has to be deducted from the

expression of the expected guard time in (14) foe 1.

D. Guard Time for the Splitting Algorithm

To calculate the expected guard time for the Splitting atbor and the Modified Splitting

algorithm for different number of users, we have used [3, ([&8)] in combination with [3, Eq.

(6)].

V. ANALYSIS OF THE MAXIMUM AVERAGE SYSTEM SPECTRAL EFFICIENCY

In this section we derive expressions for the MASSE for al filedback protocols, taking the
degradation due to the guard time into account in each céseeXpressions are first presented in
a general form which holds for any channel fading distritmitiand then closed-form expressions

are presented for i.i.d. Rayleigh fading channels.

A. Spectral Efficiency When the User With Highest CNR is felec

The MASSE of the Full Feedback protocol can be expressedllasvio

Trs— N -Teg [~
MASSER = ~S R [ Clog, (14 )y (1)
0

-1
_ TTS—N Trs N Z (=" /T L+n
- n 1+n ~y )

(15)

wherep,-(v) = N - PY~'(y) - p,(v) is the probability density function (PDF) of the CNR of
the user with the highest CNR, () being the PDF of the CNR of a single uséks is the

total time assigned for a transmission, with the guard tinwduided.
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Both the Ranked Full Feedback protocol and the Splittingratigm will lead to a selection
of the user with the highest CNR. When the user with the higli#¢$R is always chosen to

receive or transmit, the following expression for the MASISEeEmployed [4]:

L-1

MASSEpest= »

=0

where E[Tg] is the expected guard time given that intervak the successful interval. The

TTS _ E TG Yth, 141
Trs — ElTg] / logy (1 4+ 7)py-(7)d, (16)
Trs Vth,1

relation between /| and B7g| found in the previous section can be expressed as follows:

™~
—

E[Tc] = » ElTc]pn(l), (17)
l

Il
=)

wherepy (1) is the PMF ofl being the successful interval witN' users in the system:

pn(l) = Pfiv(%h,l—i-l) - Pffv(%h,z)- (18)

The corresponding expression fofEs| for the Ranked Full Feedback protocol is given by:

TG, coll; + 1G,nocoll;
p(l) ’
where the expressions i coii; and7c nocoll; are given by (3) and (4), respectively. Fbr= 1

ETc]=(L—1—-1) - (Tkg + Tack) + (19)

all the users will be in the successful interval and consetiyeve will have full feedback load,
E[Tg] = N - Tks.
By using the derivation shown in Appendix Il, we obtain the BIBE for a Rayleigh fading

channel given in (20), wherg, (z) = f1°° e~** /t dt is the first order exponential integral function.

B. Spectral Efficiency When One Random User Within the Ssfatésterval is Selected

The Ranked Single-User Feedback protocol and the Exp@hddaickoff protocol will both
choose a random user within the successful interval. Obegthiat picking a random user within
the successful interval is similar to having quantized besstt, we can utilize the results from
previous publications to develop an expression for theesystpectral efficiency. Modifying [14,
Eq. (17)] it can be shown that the spectral efficiency can bidemras:

T _ E T l Mth,1+1
rs — Bilfe] p(]) / logy (1 +7)p,(7)d, (21)
Trs pl(l) Vth,1

L-1

MASSEgingle= »

=0
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=0

P Trs In2 — n 1+n
_ (4n)ng _ (O4m)vh 4
X |In(1 4+ yhy) - e 7 —In(14 yhg) - e 7
L—1 N-1
Trs— ElTs) N T2 (N - 1\ (1)
+ L e e D
—o TTS In2 0 n +

L <E1 ((1+n)(;t he+ 1) ) ( 1+ n)( 7thl+1+1)))

(20)
1 2 Trs — E[T6] pa ()
MASSEsingle = —— ! l
Esingle In2 lz:; Trs pi(l)
_M _’Yth.,H*l
X [ln(l +%he) e 7 —In(1+hgga) e T }
L LiTTs— EilTe) px (1)
In2 Trs  m(l)
y [ei (E1 ((%h,l_‘i‘ 1)) _ B ((%h,zﬂ + 1)))}
Y Y
(22)

where E[Tg] is the guard time contribution from a trial with threshojgh, andp;(l) is the
probability that a random user is in the successful intetvBly using a similar derivation as in
Appendix I, we obtain the MASSE for a Rayleigh fading chadngigen in (22).

The two random single user feedback protocols have difteralues of E7s] which make
their MASSE different. For the Ranked Single-User Feedlpokocol, B[T¢] in (22) is the same
as in (19), where the expressions G coi; and7s nocol; @re given by (7) and (4), respectively.

The expected guard time for the Exponential Backoff protogiven success in intervdl
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can be found by modifying (14) as follows:

ETc] = (Trs+ Tack) (L —1)
N 7 .
1 - q] W(lalan) Psucc
+ (Tre + Tack) - : : :
;2;1 (I=¢)* pn(l) 1-(1—=g)"
7l7n Psucc
+ (Tre + Thack) Z Z T (23)
n=2 =1

When L = 1 all the users are within the successful interval, and the wéh the highest
rank among theV users will be chosen for the Ranked Single-User Feedbadiqwb In this

case (22) reduces to:

MASSErg = Trs—Trs 1 VTR, (1) : (24)

s TFB arises because the selected user

where the subscript RR denot®sund RobinThe ratio-5—=&
feeds back his CSI estimate so that adaptive modulatlon adihg can be employed. Fdr= 1
the Exponential Backoff protocol avoids the first collisiand resolves the contention problem

as usual.

VI. PERFORMANCE EVALUATION OF THE PROPOSEDFEEDBACK PROTOCOLS DISCUSSION

AND NUMERICAL RESULTS

The main emphasis of this section is to evaluate the perfiocmaf the five described feedback
protocols together with the the Full Feedback protocol d&lRound Robin protocol based on
the analysis in Section IV and Section V. The performancéefgrotocols will be evaluated by
plotting the guard time and the MASSE for different numbetttofsholds [) and users k).
Before presenting the numerical results we describe thé&|IB&2.11 parameter values chosen

for our numerical analysis.

A. IEEE 802.11 Parameter Values

To implement our protocols in an IEEE 802.11 network, we dbsdhe following four packet
types based on the general frame format defined in the sthftia).

Query (QRY) packet:

« 2 bytes FC (frame control)

« N times 6 bytes RA (receiver address)
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« 1 byte Number of thresholds, L

« 4 bytes FCS (frame check sequence)
Feedback (FB) packet:

o 2 bytes FC

« 6 bytes TA (transmitter address)

« 1 byte CNR estimate

« 4 bytes FCS

Reservation (RES) packet:

o 2 bytes FC

« 4 bytes FCS

Acknowledgment (ACK) packet:

o 2 bytes FC

« 1 byte (0,1,e) ACK

« 4 bytes FCS

The FC field identifies the function and the fields of the packile the FCS field makes it
possible for the receiver to separate packets from noisaddiition to these MAC-layer protocol
fields, we also have to take the physical layer protocol fiégtds account. In IEEE 802.11
the physical layer protocol is called Physical Layer Cogeece Protocol (PLCP) [15]. The
packet headers of this protocol consists of a preamble aneadeh. If we assume that Direct
Sequence Spread Spectrum (DSSS) is implemented at thecahisyer the PLCP preamble
consists of 18 bytes and the PLCP header consists of 5 bysésl{Ishould be observed that
this implementation of DSSS does only combat interferemcedoes not facilitate that multiple
users can access the channel simultaneously.

To be able to calculate the duration of the packets listedr@lee have assumed that they
are transmitted at the base rate 2 Mbps and that the propagdglay and packet processing
time has the duration of a Short Interframe Space (SIFS).elfassume that a SIFS equals 10
us (IEEE 802.11b) thefirg equals 154us, Tres equals 128us, andTack equals 13Qus. For
the Full Feedback protocol and the Round Robin protocol, @K Aackets are necessary, so
the feedback from each user has the durafips As already mentioned in Section IV, we have

also assumed thdfgry has zero duration for all the algorithms.
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B. Numerical Results for the Guard Time

In Figs. 2 and 3 we show plots of how the guard time varies withrtumber of thresholds for
4 and 12 users, respectively. For 4 users we see that the R&nkgle-User Feedback protocol
gives the shortest guard time, while the Modified Splittingoathm gives the shortest guard
time for 12 users. It should also be noted that the Full Fegdpeotocol gives a relatively short
guard time for 4 users. However, since the guard time is ptap@l to the number of users for

Full Feedback protocol, this protocol will perform the wiofsr a high number of users.

C. Numerical Results for the MASSE

Figs. 4 and 5 show how the MASSE varies with the number of Hulels for short time-
slots (Its=5 ms), for 4 and 12 users, respectively. The correspondiotg for long time-slots
(T7s=50 ms) are shown in Figs. 6 and 7.

For comparison purposes we have included graphs of the MAIBEERo Guard Timeand
Round RobinThe former case corresponds to a theoretical system withuaod time and full
MUD exploitation. The latter case corresponds to a systeerevhdaptive coding and modulation
are used, while opportunistic scheduling is not implemgnk®r this latter system, the users are
scheduled in a Round Robin fashion. Feedback is still ne&ded the selected user in order to
perform adaptive coding and modulation.

Although the Ranked Single-User Feedback protocol had ltbetesst guard time for 4 users,
the Full Feedback protocol ensures that the MUD gain is maeid) and therefore the Full
Feedback protocol yields the best MASSE performance forefsud-or a higher number of
users, the Modified Splitting algorithm shows the best MAS®eHormance since this protocol
ensures full MUD exploitation and has a relatively shortrgutéme.

For long time-slots, we see that the gain from the feedbadkaiag protocols diminishes.
However, for many users the Modified Splitting protocollsiives a small gain over the other

feedback protocols.

VIlI. CONCLUSIONS

In this paper we studied feedback protocols for possible insslotted cellular ALOHA-
based networks exploiting MUD. We considered downlink sraission where the base station

transmits data to the mobile users. To be able to exploit MB base station wants to schedule
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the user with the best channel quality for each time-sloeréfore, the base station needs to
collect feedback from the mobile users. In conventionalvoéts that exploit MUD, feedback
is collected from all users, which can be a time-consumimmg@ss. Consequently, we analyzed
feedback protocols aimed at reducing the number of usensidting feedback, and hence the
guard time used to collect feedback.

We proposed three new feedback protocols for ALOHA-basdldlae networks, namely, (i)
Ranked Full Feedback, (ii) Ranked Single-User Feedbaak(iahExponential Backoff. Closed-
form expressions were also found for the guard time duradioth the MASSE for these three
protocols. We also investigated the guard time and MASSHEopeance in an IEEE 802.11-
based cellular network for the three new protocols and coetpéheir performance with the
Splitting algorithm proposed in [3] and a new and modifiedsiaar of this algorithm. Our plots
showed that the five different feedback protocols all giveeadback reduction for a system
with many mobile users, and that the Modified Splitting aildwn showed the best MASSE
performance. However, for a low (4) number of users the Fedback algorithm surprisingly

showed the best MASSE performance.
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APPENDIX |

DERIVATION OF THE LAST TERM IN (7)

For the Ranked Single-User Feedback protocol, we seqligntiaestigate if the users are
within the successful interval based on their rank. We deidtas the number of users inves-
tigatedbeforea user within the successful interval is found. The proligbdf finding one of

the n users within the successful interval for the first user itigesed is :
Pr(X =0) = —. (25)

If the search is not successful for the first user, the usdr thié¢ second highest rank will have
to be investigated. Now, we have already investigated oee @®nsequently, the probability of

finding a user within the successful interval is given as:

n n N—-—n n
Pr(X_l)_<1—N>N_1_ o (26)

Correspondingly, the probability of finding a successfuru®r the third user yields:
n n n N—-nN-n—-1 n
Pr(X:Q):(l_N><1_N—1)N—2: N N-1 N-2 @D
Generalizing (25), (26) and (27), we obtain the expressmrsficcess for thék + 1)th user:
N—-—nN-n-1 N—-n—k+1 n n(N —n)l(N —k—1)!

P =k == =1 " N—h31l Nok NNk (28)
The expected number of users investigated before successvigiven as:
N-—n
B n(N —n)i(N —k—1)!
E[X]_;k; NN B (29)

We know from Section IV that the probability of havingusers in interval is given by:

plton) = () ) (75 Gnen) = P )" (P, () (30

To obtain the time contribution from intervglthe expected number of users that are investigated
before a user within the successful interval is found, areglted by the probability of being

in this interval:

N—n
n(N—=n)(N—-k—-1)! /N n _
- k NI(N —n —k)! n (Py (1) = Py (ns)) (Pv(Vth,l))N
N—n
N—-k-1 n
= k(T man) - PG (31)
k=0
Summing this expression over all valuesrofjives the same expression as the last term in (7).



22

APPENDIX Il

DERIVATION OF (20)

The CDF of the CNR of the user with the highest CNR can be foomuah brder statisticd16]:

P(y) = P (), (32)

where P, () is the of the CNR for a single user. To find the MASSE for suchenado, the
PDF of the highest CNR between all the users has to be found.FADF can be obtained by
differentiating (32) with respect to [16, (5.85)]:

Py-(7) = N - P71 (3) - py (), (33)

where p, () is the PDF for a single user. Inserting the CDF and PDF for &gkl fading
channels %, () = (1/7)e~/7) and using binomial expansion [13, (1.111)], we obtain:
N-1
pe =23 (V) e (34)
7 n=0
Inserting (34) into the expression for the spectral efficjerf[Bit/Sec/Hz]) for optimal rate
adaptation [17]:

MASSE= [ log, (1 +1)p.-(2) . (35)
0
we get the following expression for the MASSE:
N-1
N N -1 o0 .
- —1\" —(14n)v/v
MASSEyest 3 ; ( . )( 1) /0 In(1+4~)e d. (36)

The expression for MASSE has to be weighted by the fattgg — E;[7s])/Trs. This factor
is dependent o, and consequently the integral in the expression abovedhs split into L

parts before the weighting operation can take place. Tladddo the following expression:

L-1

_ N-1 _ Yth, 141 -
MASSE)est= ﬂ Z TTS—EZ[TG] Z (N 1) (_1)n/ In(1 + 7)6—(1+n)v/v dv, (37)

In2 =0 TTS n=0 n Vth,l

To solve this integral we can usetegration by parts

y=b y=b
/ udv = lim uv — lim uv — / vdu, (38)
N y—b y—a 5

=a =a
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where bothu and v are functions ofy. Settingu = In(1 4+ v) andv = —Le~(47)7/7 we can

14n
write the integral in (37) as:
,;::;IH ln(l + fy)e_(l"‘")’Y/V dy
il g _ (Mmna
=L \n(1+yn) e 7 —In(l+n) e 7

+ o Mhi+1 e~ (+n)Y/7 d ’
1+n Jn, Y

(39)

using [13, (3.352.2)], to solve the integral in (39) and misg the result in (37), gives the

expression in (20).
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Fig. 2. Guard time for Rayleigh fading with = 15 dB and4 users.

20

25



26

Guard Time for 12 Users
T T T

T
Full FB
—+— Ranked Full FB
3.5 | —*— Ranked Single-User FB -
—H8&— Exponential Backoff
— — — Splitting Algorithm
—<&— Modified Splitting Algorithm

Guard Time [milliseconds]

1 1 1 | 1
2 4 6 8 10 12 14 16 18 20
Number of Thresholds, L

0 I I I I

Fig. 3. Guard time for Rayleigh fading with = 15 dB and12 users.



MASSE for 4 Users and Short Time-Slot Duration
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MASSE for 4 Users and Long Time-Slot Duration
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