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Abstract—This paper deals with the multiuser medium access conferencing, web browsing, etc., it is expected that VBR
problem in the packet radio environment. Under the framework  services will become more and more important in the future,
of network diversity multiple access (NDMA), a recently proposed g will require efficient medium access strategies. Unfortu-

medium access method, a blind collision resolution scheme is . L
proposed employing rotational invariance and factor analysis nately, FDMA and TDMA are known to be very inefficient for

techniques. The proposed approach (dubbed B-NDMA for Blind bursty sources [9]. While CDMA is somewhat better due to
NDMA) overcomes the difficulty of orthogonal identification codes its relatively graceful degradation under increasingly heavier

required by the original protocol, thereby improving channel |oad, it still represents a fixed resource allocation scheme that

utilization and system capacity, while being insens_itive to multipath is inefficient when dealing with VBR traffic.

effects and synchronization errors. Performance issues of the pro- . . . .

posed technique are addressed both analytically and numerically, ~ Xelatively simple medium access strategies for bursty
L . . users include random access protocols of the ALOHA type,

Index Terms—Access protocols, blind signal separation, matrix . . .
decomposition, packet radio, rotational invariance. e.g., [1], wherein collided packets are discarded and later
retransmitted. Although better suited to handle VBR traffic
than FDMA/TDMA, ALOHA schemes suffer from substantial
throughput penalties and underutilization of the channel under

N A WIRELESS cellular setup, the transmission mediurrelatively heavy loads. Improvements like carrier sensing

is inherently broadcast, and provides no protection from if€SMA) and collision detection (CD) are helpful but cannot
terference among the wireless users. Hence the medium acdesseliably implemented in a wireless environment as they
problem, that is, the multiplexing of multiple wireless users irequire a “listen-while-talk” feature which is not possible
the same cellis far from trivial. Various solutions to this resourda wireless transmissions. Instead, data sensing (DSMA) is
allocation problem have been proposed, depending on the traffgually implemented, wherein the base station broadcasts the
characteristics of the users. channel status on a separate down-link control channel [10].

A great majority of the existing wireless cellular infra- Notice that in most random access protocols little signal pro-
structure supports voice services or other constant-bit-rai@ssing is involved and no attempt is made to separate the col-
(CBR) connections. Under these idealized traffic Conditionﬁding packets_ In the communications and Signa| processing lit-
simple solutions like FDMA or TDMA schemes can isolat@rature, there has recently been intense research activity in user
different transmissions and transform the problem into mump&%paration in the context of CDMA multiuser detection [18], and
single-user c_ommunication setups (e..g., [4]). However, €VEILo in Space-Division Multiple-Access (SDMA) wireless net-
when only voice users are concerned, it appears that multi-Uggfiks, cf. [8] and references therein. Either way, collision reso-
solutions (CDMA) coupled with advanced signal processingyion through multiuser detection/spatial source separation re-
at the receiver can provide added flexibility and improvegiresextra diversity either in the form of spreading codes [18]
capacity, and are preferred for future wireless networks [18].\yith which the individual symbols are spread, or powerful error

The medium access problem becomes substantially mQig,i.o| codes (in the spirit of GMAC [3]) with which the user
challengl_ng when dgta users or var|able-b_|t—rate (VBR) SOUrCESckets are coded, or in the form of antenna arrays. Spreading
are considered. With the advent of mobile computing, vid gbandwidth-consuming, and so is GMAC-type coding, which

also requires complex decoding. Antenna arrays can only help
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Base Station

Fig. 1. Slotted random access cellular radio system.

if K users collide, the base station (BS) will instruct them tis proportional to the total number of users in the system,
transmit a total ofK” times, resulting ink different versions of irrespective of how many of them have collided. Furthermore,
the original superposition of th& user signals. Then a sourcethe proposed method is insensitive to multipath effects and
separation algorithm is invoked to resolve the collision. Thgynchronization errors among the users.

method only requireX” channelslotstotransmitatotal&fuser ~ The rest of this paper is organized as follows: a brief descrip-
packets and therefore has excellent throughput characteristition of existing NDMA methods and associated drawbacks are

The NDMA method in [17] introduced a signal processingresented in Section Il. A new blind collision resolution method

viewpoint to the collision resolution problem. Its critical asusing rotational invariance and factor analysis techniques is dis-
sumption is that the base station is able to reliably detect héWssed in Section IlI, while its performance is studied in Sec-
many users have collided based on the first reception of the cépn V. Section V presents simulation results that corroborate
lision signal. Given this information, intelligent retransmissiour performance analysis, and Section VI summarizes our find-
strategies could be initiated by the base station. The detectib@s.

of the active users is based on training sequences assumed to

be embedded in each user’s packet. In order to make the de- [l. PROBLEM STATEMENT

tection problem tractable, those training or identification (ID) The NDMA approach is meant to be implemented in slotted
sequences are assumed orthogonal to each other. cellular packet radio systems, as illustrated in Fig. 1. In each
The orthogonality assumption for the ID sequences is respQist 5 user may send a fixed-length data packet composed of
sible for a major drawback of the method of [17]. The length of; QAM symbols, provided that it is allowed to transmit and
the user ID sequence is required to grow linearly in the NUMBRL g415 puffer is nonempty. Since there is no coordination
of users and not logarithmically, as is usually the case with aéimong the users, two or more users may collide in a channel
dressing schemes. Therefore, for a large user population (acliy& |n traditional random access schemes the collided data
+ inactive users), the induced overhead may be substantial. Fifis ¢\stomarily discarded, and later retransmitted under the
thermore, the orthogonality assumption is sensitive to multipgtnirol of upper layer protocols. The channel slots in which
effects and lack of synchronization of the colliding users [20]¢jisions occur are therefore wasted. The novel idea of NDMA
In order to overcome these difficulties, in this paper we &¥iginated from the observation that the collided data do
plore the applicability of blind signal separation methods to the,nain useful information; exploiting this information enables
collision resolution problem. Our goal is to avoid the use Gfcreased channel utilization.
training 1D sequences in the NDMA approach. We modify the agsyme that the channel between every user and the BS is
protocol, and control each packet's initial phase in such a a1y (compared to the slot duration) frequency-flat fading,
that a structured mixing matrix is constructed through the rgnq that the users are perfectly synchronized with the slot
transmissions. The signature of each colliding user has a V"t‘i'f‘ﬁing. Then the baseband discrete-time symbol-rate signal
dermonde form and can be blindly estimated through rotationg@heived at the BS in a channel slot will be the superposition

invariance techniques. _ _ ~ of signals from all users transmitting in the said slot. It can be
The proposed method results in substantial computatioR@liten in vector form as

savings since the complexity of the method is proportional
to the number of colliding users, which is typically a small y() = Z a; (Ds; (D) + v(1), (1)
number. In contrast, the method of [17] has a complexity that icT(D)
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wheres;(I) is anN x 1 vector representing the packet sent byarying (in particular, is time invariant for the duration of the
user: in slotl; y (1) andv(l) represent the received signal vectocollision resolution period), the colored user data are the same
and noise vector in sldt respectively; andy;(l) is a random in each (re)transmission. After the separation of the colliding
initial phaseé. It is assumed that; () is constant within a slot users, single user equalizers, either training-based or blind,
and i.i.d. ini andl, v(l) is white Gaussian noise (WGN), andcan be employed for each user packet to extract the original
both are independent of the user sigra($). The indices of all user data. A detailed discussion on this topic can be found in
users colliding in slot are collected in the séf(l). [20].

Note that the signal model described in (1) constitutes aThe NDMA scheme requires that the BS be able to determine
classic signal separation problem, where the colliding packef@ collision multiplicity 5. The original NDMA technique in
are the sources that need to be separated. When thet€ arg 7] yses training sequences to solve this problems. Specifically,
users colliding,Z(!) = {i1,...,ix }, the separation of th& 3 ynique ID sequence is assigned to each user, and is used as a
users’ packets can be accomplishe&itbranches of diversity prefix for all packets originating from this user. Then the BS can
of the mixture signal are available (using multiple antennagieniiry the active users by checking the ID’s. In order to sim-
for example). The novelty of the NDMA approach lies inyjity the problem, the ID sequences are designed to be mutually
that it builds the diversity through retransmissions dictated Wthogonal. Since the ID part of the user data obeys the same

the protocol, without requiring multiple antennas or excesgy rejation as (1), a matched filterbank (one filter matched to
bandwidth. The procedure involves the following operations: ., .1, user ID) will be the optimal detector

The orthogonal ID requirement simplifies detection, but also
If the BS findgK users C0”|d|ng in aSIOt, it will instruct those brings a major drawback to the NDMA method. The |ength of
colliding users to retransmit their packel§ — 1 more times in  the |D sequence is required to grow linearly in the number of
the nexti’ — 1 slots; meanwhile, other users are not allowed tghe ysers and not logarithmically, as is usually the case with
transmit until this retransmission procedure is compléted  aq4gressing schemes. Therefore, for a large user population, the
Finally, the BS receives a total ¢f different versions of the j,qyced overhead may be substantial. Furthermore, the orthog-
original superposition of thé’ colliding signals, which can be 45ty assumption is sensitive to multipath effects and lack of
arranged in a matrix form as (2) synchronization of the colliding users. Special joint design of ID

() sequences and receive filters that can combat dispersive effects
Y of the channel are possible [20], but at the cost of even longer
: IDs.
yIi(l+K-1) From the viewpoint of signal separation, the NDMA model
i, (1) i (1) Sz ) has many analogies with the popular array signal processing

model, where each (re)transmission acts like a “virtual sensor”.

1 - : ' : We will explore this link in the sequel to develop a blind colli-
o, I+ K—-1) ... o, (+K-1) st (D) " N b

i K sion detection and resolution NDMA scheme, called B-NDMA
vI(l) for Blind NDMA3, using rotational invariance and related factor
+ : , (2) analysis tools.
vi(l+ K -1)

Ill. B-NDMA

or equivalently, A. Retransmission Protocol for B-NDMA

3) In the model of (3), the data matriX can be viewed as the
response of an array df virtual antennas to th& colliding

with obvious definitions for the matrices in (3). Now, it becomed@t@ packets, where each row¥fcorresponds to one antenna

a relatively easy task to resolve the user packets from the ¢BH{PUt. The mixing matrixA is like the steering matrix of the
lision. A simple linear solution, for example & — A-ly array. For auniform linear array (ULA) the steering matrix ex-

provided thatA has full rank, and an estimate of it is availablehibits special (Vandermonde) structure, which facilitates signal

The full-rank property ofA is guaranteed w.p. 1 under the i.i_d_sep.aratlon. In order to force the mixing mat¢< to have the
assumption for the coefficients (). More involved approaches desired Vandermonde structure, we can modify the NDMA re-
(e.g., maximum likelihood and successive cancellation) are afgnsmission protocol and control each packet's initial phase
applicable. Note that onlj{ slots are required to resolvé col- (1), instead of leaving it random. Specifically:

liding users. No slots are wasted.

The model of (1) can also incorporate the effects of multi- Upon collision and retransmission request by the BS, every
path fading, if we consides; (/) as the colored version of theuser who transmitted in the previous slot will transmit again for
original user data. As long as the multipath channel is slowls many times as instructed by the BS, but each time multiplying

) o the whole packet by, where: is a user indexz; is a complex

1The random phase changes from slot to slot due to an arbitrary initial trans-

mitter phase at the beginning of each transmitted packet. 3Theblind here means that there is no training needed for collision detection
2The required central control from the BS can be implemented through a esd resolution purposes. Training may still exist in the user packets, e.g., to

verse control channel (for details, see [17]). allow training-based single-user channel equalization.

Yiun =AxgxkSrkxn + Vixn
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Fig. 2. B-NDMA retransmission scheme.

numbet andr stands for therth retransmission of the given Animportant point regarding (4) is that the identity of the col-

packet. liding users is unknown, hence the resulting steering makrix
This setup is illustrated in Fig. 2 (cf. Fig. 1 for comparison)is unknown, even if the;’s are pre-assigned. Therefore, blind
Now suppose that a total ¢ transmissions take place for atechniques are needed for determining the number of retrans-

K -fold collision (& is not necessarily equal t&). Similar to missions required (equivalent to determining the collision mul-

(3), we have the received signal matrix tiplicity K), and resolving the user daf In Section IV, we
first develop our blind collision resolution method, assuming
Yiaxn = ZrxxSkxn + Vrxn (4) is known; we then return to the issue of determiniign Sec-

tion 11I-D.

whereY, S andV are received signal matrix, user signal matrix

and observa_tlon noise matrix, respectively; @i a Vander- B. An ESPRIT-Type Method for Blind Collision Resolution
monde matrix
Consider the noiseless case of (4)

1 1 1
7 — e Fiz e Pk XRrxN = ZRxKSKxN )
ZiR'—l Zﬁ—l o Zﬁ—l whereX is the noiseless data. Suppose for the moment that the
) ) . o number of colliding userX is known, and the BS requests more
whereiy, ... iy are the indices of the colliding users. We asretransmissions than the collision multiplicity, i.&, > K.

sume the channels to be slowly fading compared to the cgjafine(R— 1) x N matricesX; andX., consisting of the first
lision resolution period. Then frequency-flat fading scales theaspectively lastfz — 1 rows of X. Due to the Vandermonde

rows ofS (multiplying each with a complex constant), while freyycture ofz, X; andX, admit the following factorization:
quency-selective fading colors the rows®{convolving each

with a FIR channel). Since our focus here is on user separation
and not on the equalization of each individual transmission, we
absorb the channel effects in the rowsSoih the model of (4).

I—!ence, in the sequel, the rowsS)fNiII.represent scaled or POS“\here A is a matrix consisting of the firsk — 1 rows of Z,
sibly colored versions of the transmitted packets. Except for t fferent fromA in (3)), andD = diag ([ 2 ]). Under
possibility of a deep fade, this has no effect on the ensuing djss i, conditions, this,model is uniéue,llijiiﬁ',']?),man.ds can

cussion. be found fromX, X,. The idea is similar in spirit to data-

4Thez,’s can be pre-assigned by the BS, or drawn at random on-line by esd@main ESPRIT [11] (but also cf. [12]). In particular, note that
user, in a user-wise independent fashion. For large user populations the choigk i§s square/tall and full column rank (true w.p. 1. under our

immaterial regarding collision resolutigrerse but random assignment requires e .
less system setup/administration overhead. retransmission scheme and the Vandermonde strucfiigjat

5We view the initial transmission as the zeroth retransmission, correspondﬁ@d full rf_ink (persistence of excitation—note th.at. the packet
to initial phasez? = 1. length &V is much larger than the number of colliding users),

X1 :A(R—l)x KSKXN
X2 =Ar_1)xkDrxrxSkxn (6)
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and also thaD contains distinct nonzero elements (true w.p. & K-component trilinear decomposition of the three-w&y—

under the assignment scheme for ths). 1) x N x 2 array with typical element,. ,, ;. PARAllel FACtor
Introduce a singular value decomposition of the stacked ddBARAFAC) analysis is a common name for the trilinear decom-
matrix position. The identifiability of the model in (6) (and therefore (5)
X, A . as well) is actually a corollary of uniqueness of low-rank decom-
[XJ = [ AD} S=UXV (7) position of three-way arrays [6], [7]; see also [2], [13]-[15] for

a compact generalization to the complex case.
whereU is 2(R — 1) x K holding the left singular vectors Now consider the noisy case, and assume that initial estimates
corresponding to th& nonzero singular valueX is K x X A and$ are available from eigenanalysis. One possible matrix
diagonal holding the said singular valudsjs V x K, holding view of the data in (11) is
the corresponding right singular vectors, ang? stands for

Hermitian (complex conjugate) transpoSeoeing full row rank XN (Ret1)x2 = T11,1---TL,N,1---TR-11,1+--TR-1,N,1 g
assures thatpan(U) = span ; hence there exists a T2 FLN2 e TRLLY - FROLNE
. _ AD| ) =(Aosh) AT (12)
nonsingular matriX> such that
U A whereA is a2 x K matrix holding thed; ;’s, and® stands
U= [Ul} = {AD} P. (8) forthe Khatri-Rao (column-wise Kronecker) product. It follows
2 that for noisy data,. . ; giving rise toX y(r—1)x2, the condi-
Next, construct the auto- and cross-product matrices tional least squares estimate Af given A andS is given by
Ro =U"U, = PYAYAP = QP, AT = (A ® STPT X,\TR?UXQ. Resorting to the symmetry
R, —UZU, = PPA¥ ADP = QDP. ) of the model in (11), similar LS updates can be worked out

for A andS. The resulting round-robin updating algorithm is

Note that all matrices in (9) are square, full-rank. It then followknown in the PARAFAC literature as PARAFAC-ALSr Tri-

that linear ALS (TALS) and it is monotonically convergent (details
can be found, e.g., in [14]). Due to the data smoothing step in

(Ry'Ry)P™' =P~'D (10)  going from (5) to (6), the noise i, ; is actually correlated,

hence weighted LS is more appropriate. Weighting can be in-

corporated in TALS; we skip the details for brevity, noting that

' the weighting gain is small at relatively high SNR.

i.e., a standard eigenvalue problér.! can therefore be deter-
mined, up to permutation and scaling of columns. After that
can be recovered from (8) & = U, P~*, and finally S can
be recovered from (6) 88 = ATX;, both under the same per-p. Rank Test Method for Blind Collision Detection
mutation and scaling of columns, which carries over from the
solution of the eigenvalue problem in (10).

The ESPRIT algorithm only needs the number but not t

We now return to the problem of detecting the collision
ngltiplicity, K. This problem is crucial for the BS to properly

identities of the colliding users. Usually there are address stri edu_le_ the retra}nsmlssmns to gL_Jarantee the resolvab |I|ty of
embedded in the data packets. After recovering the user d gcollldlng users’ packets. In addition the BS has to determine

packets, the users’ identities can be deduced from the addrgisfom the received mixture signals only, i.e., blindly. This can

strings. It follows that data-embedded ID’s need only be as |Or?§aapcomplished by examining the rank of the received data

aslog J, whereJ is the user population; no orthogonality re- trix. ) ) )
quirements (wasteful in terms of bandwidth, especially it Let us c9n5|der the noiseless model in (5), reproduced here
large) are imposed on the ID strings. In case the complex dgr convenience,
ponential generatorg are pre-assigned (by the BS), the users’ Xaxn = ZrxkSixn. (13)
identities can also be deduced from the Vandermonde mAitrix

If noise is present in the datd(= X + V instead ofX is  Usually the packet lengthV is much larger thak and R, so
available), then TLS-ESPRIT can be used [11]. Alternativelf is fat and full rankrank(S) = K. The Vandermonde struc-
an alternating least squares (ALS) refinement algorithm can fuge of Z and associated signature assignment scheme assure
employed. This is explained next. thatrank(Z) = min(R, K). Therefore, wherR < K, X is

- . full rank, rank(X) = R; while whenR > K, X will lose

C. PARAFAC and Trilinear ALS Refinement rank, rank(X) = K < min(R,N). This property leads to

Consider the model in (6), and let ,, ; stand for thér, n)-el-  the following collision detection and retransmission scheduling

ement ofX;, ¢ = 1,2. Then method:
K After each retransmission, say tfve— 1)th retransmission,
the BS computes the rank of the data maXi¢-) (- indicating
o, T d7 :Sk,n 11 . . .
Trm, ;a ki, k Sk, (1) that X () has dimensiom x N). If X(r) is full rank, another

. retransmission is requested. The procedure continuesXnt]l
fOf a” T = 1,...,R—1,7‘L = 1’...,N,'L = 1,2, Where |Osesrank.
dy 1 = 1, Vk, and otherwise obvious notation. Equation (11) is
Richard Harshman was the first to use ALS to fit the PARAFAC model in
6(.)* stands for the matrix pseudo-inverse. the early 1970’s.
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Epoch I Epoch IT Epoch I
wserl and user2 involved idle epoch userl involved idle epoch user2 and user3 involved
l 3 slots long i 1 slots long i 2 slots long l 1 slots long 3 slots long l

Epoch I and II are RELEVANT epochs to userl: Epoch III and all idle epochs are IRRELEVANT epochs to userl

Fig. 3. Epoch flow in the channel.

When the retransmission procedure staps,1 = K, so the detection is perfect. Residual bit errors beyond the correction
number of retransmissions (not including the initial transmigapability of the error correcting code (ECC) used to protect
sion) is just equal to the number of colliding users. Since thie packet's payload translate to effective packet loss.
total number of transmissionsis= K + 1 > K, the collision In order to avoid being overwhelmed by the numerous varia-
resolution algorithm can proceed. tions of collision detection and resolution algorithms and ECC

With noisy observation& (), we may examine the min- schemes, and to make the analysis mathematically tractable and
imum eigenvalue of the correlation mati&(»)Y* () to de- conceptually clear, we will mainly focus on the network aspect
termine the rank o (+), and thus the collision multiplicit)¢.  (the dependence of throughput and delay on the traffic load),
Denote the minimum eigenvalue ¥f(r)Y ¥ () with A,in(r). and deal with the ideal case of infinite SNR wherein the BS
ComparingAmin(r) to a tolerance threshold yields the fol- makes no errors in collision detection and resolution. The re-

lowing rank detector: sults of the infinite SNR case may be viewed as an upper bound
. on B-NDMA system performance. A discussion of finite SNR
Amin(7) 27 — Ho:Y(r) is full rank effects will be given at the end of this section. The analysis will

Amin(r) <7 — H1:Y () is rank-deficient (14) be corroborated by Monte Carlo simulation for a range of rea-
sonable SNR'’s.
Though without nois& (r) first loses rank when = K +1,
r —1is not necessarily a good estimatefoigiven a “singular” A. Collision Resolution Epoch
Y (r), when noise is present. In the array signal processing liter-we first introduce the concept of the collision resolution
ature, information-theoretic criteria have been used to determiggoch, which is the basis of our analysis. In the B-NDMA
the number of signals impinging on a sensor array [19]. Thesgheme, a group of consecutive channel slots are dedicated in
techniques can also be applied here to estiiateom Y () in  transmitting several colliding packets. Hence these slots can
case of- > K, since the two problems share the same structutss viewed as constituting a collision resolution period, which
The retransmission scheduling, collision detection, and cqle callepoch Fig. 3 illustrates the epoch flow in the channel.
lision resolution methods developed in this section constitufe epoch length (i.e., the number of slots in the epoch) is a
a complete blind random access solution that spans the tw@ddom variable determined by the number of active users at
lowest network layers: medium access and the physical laygfe beginning of the epoch. In the ideal case (infinite SNR),
The acronym B-NDMA will henceforth stand for the aboveictive users will result in an epoch of lengih + 1 to carry
three components, with the understanding that collision detegeir payloads. Therefore, the probability mass function of the
tion is performed via the rank test method, while collision regpoch lengtt is
olution is achieved via eigenanalysis followed by TALS refine-
ment, although several other possibilities exist. B-NDMA petp(h = 1) = <
formance is next.

J

1) (1_p€)m—1p;]—m+1’ m= 1a R J+1
m —

(15)
wherep, is the probability that a user’s packet buffer is empty
and hence this user is inactive at the beginning of the epgch.

Throughput and delay are the two most important perfois a traffic-dependent parameter.
mance metrics for random access techniques. Three factorErom the viewpoint of a specific user, say ugdwo kinds of
come into play in the study of B-NDMA throughput andepochs can be distinguished, according to whether or not:user
delay performance. The users’ data traffic is of course tlieactive in this epoch. If usérsends packets during an epoch,
primary one. The performance of the collision detector ihis epoch is aelevant epocho useri. Otherwise, if uset does
also very important. When the BS underestimates the numbert send anything during an epoch, this epoch isgratevant
of colliding users and requests insufficient retransmissiorspochto useri. Usinghg andh; to denote the length of the
the resolvability condition will be violated and the collisiorrelevant and irrelevant epoch, respectively, we have the mass
resolution algorithm will fail, hence throughput will suffer. Onfunctions
the other hand, if the BS overestimates the number of colliding )
users, then extra channel slots will be wasted in unnecessary p(hr = m) =p(h = m|useri active)
retransmissions, hence delay performance will suffer. The :<J— 1>( — pe) T 2pl
last factor is the residual bit-error-rate (BER) of the collision -2 ¢ © ’
resolution algorithm, which may be nonzero even if collision m=2,...,J+1, (16)

IV. PERFORMANCE OFB-NDMA
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p(hr = m) =p(h = m|useri inactive) ‘ ‘ ' '

i
— B-NDMA
— - NDMA

J—-1 45 1
— 1—p. m—1_J—m
o |
m=1,...,J. (17)
35+ bl
B. Queueing Analysis of the User’s Packet Buffer s0f- : : , : : 1

In this section we analyze the queue structure of the paclfgzs- v : : : : .
buffer of a typical user in the B-NDMA system. The analysi®
will produce an expression far., which is the probability of a
user’s packet buffer being empty at the beginning of an epoc s

We assume that the user’s packet buffer is an infinite quet
in which the packets are waiting to be served by the channel.\ o
focus on the number of packets in one user’s buffer atthe t s
ginning instance of the epoch, and specify it as a state variak

20

0 L I L I 1 I 1 I

Denoting the state of the epoétwith ¢;, we are seeking the o 041 02 08 el % 07 08 09
mass functiop(q; = k) (or equivalently, its generating func-
tion). As a special cage. = limy;_,.. p(q; = 0). Fig. 4. Delay comparison of B-NDMA and original NDMA schemgs =

The sequence;,! = 1, ... constitutes a Markov chain with 16).

the state transition relation
yields Ao = 1/(J + 1), and maximum throughpufh,,.. =

QL = {m —1+rn >0 (18) J/(J+1)—which is monotonically increasing in the user popu-
Ty =20 lation J. Note that the original training-based NDMA approach

i . can only sustain maximum throughput &%/ (N + J) (again
wherer, is the number of new packets that come into the USer's der infinite SNR), due to the fact tha/auser NDMA system

buffer during epocti. Denote the steady state generating fungjaq s orthogonal ID sequences of length If the length of the
tion O_f @ asQ(z) = limy.o E[2"]. We have the following ;4164 of the data packet?, the net utilization of the channel
result: bandwidth isN/(N + J)—which is monotonically decreasing

Proposition 1: If the buffer of every user in the systemi 7 for a fixed N. For large user populations, B-NDMA ex-
is driven by a user-wise independent Poisson packet arriy%its better capacity, irrespective of.

process of rate\ packets/slot, then the number of packets in
a user’s buffer at the beginning of an epoch has steady stgtepejay

enerating function . .
g g It is interesting to note that a user’s buffer can be modeled as

(r— NN [1—po)z+p ]Jfl an M/G/1 queue with vacatiénin which the relevant epoch and
Q(z) = pe = in (19) irrelevant epoch play the roles of the service time and vacation
1= [(1 = pe) 2 + pe] time, respectively. The average system delay (including waiting

time in the buffer and transmission time in the channel) for a

. data packet through an M/G/1 queue with vacation is given by

The proof of this proposition can be found in Appendix. -
To getp. we may evaluat€)(z) in (19) at> = 1 and (ap- [5]
plying L'Hopital’s rule) obtain AE[hZ] E[h?]

D=Ebd+ 535wy T 2ep] P

14+ AH}(1) — AHR(1) (20)
1—AHR(1) ’ where the moments &fy andh; in (22) can be computed from
their mass functions in (16) and (17).
Then us_ing (16) and (17), and after straightforward derivations,g_NpMA guarantees blind resolvability at the cost of one
we obtain extra retransmission relative to training-based NDMA. On
A 21) the other hand, B-NDMA does not require orthogonal ID’s
1-AJ’ (training), thereby effectively reducing packet length for a
given payload. The trade-off improves in favor of B-NDMA as
C. Maximum Throughput the size of the population increases. Even for small populations

Since the collision detection and resolution procedure is p@rr—‘d Irjve,n dis_counting th? trailr;ing issue, the extradlatency is
fect under the working assumption of infinite SNR, no packet°§na - Fig. 4 s a comparison between B-NDMA and NDMA

will be lost in transmission. Throughput is therefore limited by 8The M/G/1 queue model for the B-NDMA system is only an approximation,
traffic load, and maximum throughput (capacity) can be déecause the M/G/1 queue model requires that the service time and vacation time

t ined by driving th t ith th . tainab re independent, whereas in B-NDMA both are related to traffic load. The ap-
ermined Dy driving the system wi € maximum sustaina E?oximation is valid if the user population is large—compare the plot of (22) in

traffic load. This can be achieved by setting= 0in (20). This Fig. 4 with the experimental result in Fig. 8 fdr= 16 users.

1=p.

Pe =1
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delay performance for a population of = 16 users. The k

curves depict mean delay versus traffic load for the two  osf-
systems, without taking training into account. B-NDMA doe
not incur a significant delay penalty relative to training-base all
NDMA for up to moderate traffic loads. 07

E. Some Considerations on the Finite SNR Scenario -

put ()

o
12

For finite SNR, the analysis becomes more involved. It
no longer true that active users always cauge+ 1 trans-
missions. A more complete description of the collision detect
is needed. Such a description is the probability thathan- ~ °*
nels slots are dedicated to resolvk-fold collision, denoted as  ,
G(m|k). G(m]|k) is spread as a result of finite SNR, and thi
causes collision multiplicity under- and over-estimation error
Under-estimation invariably leads to collision resolution failure ;s

Throughj

1~
K

0.1

—&— SNR=10dB|
—*— SNR=15dB|

—%— SNR=20dB|

and hence the loss of all data packets involved, resulting ir °

throughput penalty; while over-estimation wastes channel slots,

resulting in a delay penalty. Fig.
For the detector given in Section IlI-D,

B-NDMA throughput versus traffic load/ = 8).

0.4 0.5

Traffic Load (A J)

0.6

0.7

0.8

0.9

50

—= SNR-1008)
4~ SNR=15dB)
— SNR=20dB)

G(m|k) = P[Amin(1) > 7, ..., Ain(m — 1) > 7, 451
)\min(m) < 7_|k'] . (23) 40

35
It is clear from (23) that the selection efaffects over/under-

estimation and hence the throughput/delay performan_*|
tradeoff. Further analytical insights are possible, but tt'%25
analysis is lengthy and perhaps of limited use. Section &
presents finite SNR simulation results that corroborate o
noiseless analysis, demonstrating that the method is actue .5
quite robust in that it exhibits close to ideal performance fc
down to moderate SNR.

20

V. SIMULATIONS

We tested the B-NDMA protocol on a simulated slottet
cellular packet radio system. Each user’s buffer was fed by a
Poisson process of radepackets/slot. The uncoded data packé:t
was 274 bits long (equal to the length of the uncoded CDPD

ig. 6.

0.4 0.5
Traffic Load (. J)

B-NDMA delay versus traffic loatl/ = 8).

0.9

packet). A Cyclic Redundancy Code (CRC) was employed f ' =2z
- | S\Rszoan

error protection, and the resolved packets were CRCed to ( 4
termine successful transmission. The channel was modelec
an additive white Gaussian noise channel. Throughout, the re
test method was used for collision detection, and eigenanaly L
followed by TALS refinement was used for collision resolu
tion. The collision detection thresholdwas set at two times 3°°f
the noise power level. We simulated two user population caséo,s_
J = 8 and 16, each under three SNR scenarios: 10, 15, &
20 dB. The number of channel slots simulated was varied %]
a function of traffic load, to assure sufficient statistical avel o3|
aging.

Figs. 5-8 depict B-NDMA throughput and delay versu
traffic load AJ. For down to moderate SNR (10 dB or above) o1}
B-NDMA exhibits an excellent throughput performance, ver |
close to the ideal noiseless case (a straight line), while del %
is low and relatively insensitive with respect to SNR. These
results confirm our theoretical analysis.

0.8

0.21-

L 1

0.1

0.2

0.3

0.4 0.5
Traffic Load A J)

0.6

0.7

Fig. 7. B-NDMA throughput versus traffic loagd/ = 16).

0.8

0.9
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50 T T T T T
—— SNR=10d8|
—#*— SNR=15d8|
—=— SNR=204d8| g

45

L
0.5

Il
0.4
Traffic Load (. J)

0.3 0.6 0.9

Fig. 8. B-NDMA delay versus traffic loaf] = 16).

VI. CONCLUSIONS

B-NDMA is a significant improvement of the original
training-based NDMA scheme. Taking advantage of advanced
factor analysis techniques, B-NDMA provides a blind deter- [1]
ministic collision resolution method that guarantees recovery|y
of collided packets without requiring bandwidth-consuming
training sequences, while incurring only a modest throughput-
delay penalty (blind tradeoff). The method works with multi- 3]
path channels as well since we do not require the user symbol
streams to be i.i.d. Under the assumption that each user's
channel is time-invariant for the duration of the collision
resolution epoch, the method is applicable for colored symbolis]
streams as well. Upon recovery of the packets, single-user
equalization techniques can be used to equalize the individuah]
user’s packets using training based or blind techniques.

(8]
[9]

APPENDIX

The steady state generating function of the sjate defined

as@(z) = F[z%]. From (18) (20]
[11]

Quu1(z) =(1 = Plg = 0)) E [z% 77|, > 0]
+ Plg = 0]E [z"|q; = 0] [12]
= Y1 Pl = D)E[="]q > 0 E[" | > 0] pg)

+ Pl = 0]E[z" | = 0]. (A1)

It is easy to derive that [14]
[15]

Qu(z) — Plg = 0]

q —

Ble"q > 0] = =~ o =] A2 o
As for E[2"|q = 0] and E [2"|g; > 0], we should note that [17]

wheng; = 0 epochl will be an irrelevant epoch to the said user
and wheny; > 0 epochl will be a relevant epoch. Sq when

(18]
. = 0 and ¢, > 0 are the number of new packets arriving
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during an irrelevant epoch and relevant epoch, respectively.
Consequently, for Poisson arrivals of rateve have

> [J (mA)F
FE [2’” |ql = 0] = Z Z Gnl)\Tp(hI = m) Zk
k=0 Lm=1 :
=H; (™), (A.3)
oo [ J )
. mA)¥ ‘
E[="q > 0] :Z Z cm)‘( k') p(hr =m)| 2*
k=0 Lm=1 :
:HR(C)\Z_)\), (A4)

where Hr(z) and Hy(z) are the generating function of the
length of the relevant epoch and irrelevant epoch, respectively,
defined asHg(z)
is straightforward from (16) and (17) to obtain thHtg(z)
= 22[(1 — p)z + pe]' "t andH () = z[(1 — p. )z + p] L.
Substituting (A.2), (A.3) and (A.4) and the expressions for
HR(Z
as! — oc, we obtain the steady state generating function (19).

E[th} and H;(z) = E[zhff. It

) andH;(z) into (A.1), and taking the limit of both sides

REFERENCES

D. Bertsekas and R. Gallagdbata Networks2nd ed. Upper Saddle
River, NJ: Prentice Hall, 1992.

R. Bro, N. D. Sidiropoulos, and G. B. Giannakis, “Optimal joint
azimuth-elevation and signal-array response estimation using parallel
factor analysis,” irProc. 32nd Asilomar Conf. on Signals, Systems, and
ComputersMonterey, CA, Nov. 1998.

T. Cover, “Some advances in broadcast channelsidwmances in Com-
munications Systems New York: Academic, 1975, pp. 229-260.

D. J. GoodmanWireless Personal Communications SysteniBeading,

MA: Addison Wesley Longman, 1997.

] L. Kleinrock, Queueing Systems New York: Wiley, 1975, vol. I.

J. B. Kruskal, “Three-way arrays: Rank and uniqueness of trilinear de-
compositions, with application to arithmetic complexity and statistics,”
Linear Algebra and Its Applicatvol. 18, pp. 95-138, 1977.

——, “Rank decomposition, and uniqueness for 3-way and N-way
arrays,” in Multiwvay Data Analysis R. Coppi and S. Bolasco,
Eds. Amsterdam, The Netherlands: North-Holland, 1988, pp. 7-18.
B. Ottersten and A. L. Swindlehurst, “Antenna arrays for wireless net-
works,” IEEE Signal Processing Magop. 25-27, Mar. 1999.

K. Pahlavan and A. H. Levesqué/ireless Information Networks New
York: Wiley, 1995.

T. S. Rappaport,Wireless Communications, Principles and Prac-
tice. Upper Saddle River, NJ: Prentice Hall, 1996.

R. Roy and T. Kailath, “ESPRIT—estimation of signal parameters via
rotational invariance techniquedEEE Trans. Acoust., Speech, Signal
Processingvol. 37, pp. 984—-995, July 1989.

P. H. Schonemann, “An algebraic solution for a class of subjective met-
rics models,"Psychometrikavol. 37, p. 441, 1972.

N. D. Sidiropoulos, G. B. Giannakis, and R. Bro, “Deterministic wave-
form-preserving blind separation of DS-CDMA signals using an antenna
array,” inProc. IEEE Signal Processing Workshop on Statist. Signal and
Array, Portland, OR, Sept. 14-16, 1998, pp. 304-307.

——, “Blind PARAFAC receivers for DS-CDMA systems,[EEE
Trans. Signal Processingol. 48, pp. 810-823, Mar. 2000.

N. D. Sidiropoulos, R. Bro, and G. B. Giannakis, “Parallel factor analysis
in sensor array processingPEE Trans. Signal Processingol. 48, pp.
2377-2388, Aug. 2000.

P. Stoica and A. Nehorai, “MUSIC, maximum likelihood, and
Cramér-Rao bound,lEEE Trans. Acoust.,Speech, Signal Processing
vol. 37, pp. 720-741, May 1989.

M. K. Tsatsanis, R. Zhang, and S. Banerjee, “Network assisted diversity
multiple access for wireless network$EZEE Trans. Signal Processing
vol. 48, pp. 702-711, Mar. 2000.

S. Verdu, Multiuser Detection Cambridge, U.K: Cambridge Univ.
Press, 1998.



ZHANG et al. COLLISION RESOLUTION IN PACKET RADIO NETWORKS 155

[19] M. Wax and T. Kailath, “Detection of signals by information theoreti
criteria,” IEEE Trans. Acoustic, Speech, Signal Processingl.
ASSP-33, pp. 384-392, Feb. 1985.

[20] R.Zhang and M. Tsatsanis, “Network assisted diversity multiple acce
in dispersive channels,” iRroc. 1999 2nd IEEE Workshop on Signal
Processing Advances in Wireless Communicatighieznapolis, MD,
May 9-12, 1998, pp. 263-287.

Michail K. Tsatsanis (M’'93) received his diploma
degree in electrical engineering from the National
Technical University of Athens, Greece, in 1987, and
the M.Sc. and Ph.D degrees in electrical engineering
from the University of Virginia in 1990 and 1993,
respectively.

He currently holds the position of Chief Scientist at
Voyan Technology, Santa Clara, CA, which he joined
in 2000. Before that, he has held various academic
positions as an assistant and associate professor in
Ruifeng Zhang (S'97-M’00) received the B.S. de- the Electrical and Computer Engineering Department
gree from Huazhong University of Science and Techat the Stevens Institute of Technology, Hoboken, NJ, (1995-2000) and as a
nology, Wuhan, China, in 1993, the M.E. degree fromresearch associate in the Electrical Engineering Department at the University
Beijing Institute of Technology, Beijing, China, in of Virginia. His general research interests lie in the areas of statistical signal
1996, and the Ph.D degree from Stevens Institute aind array processing, with applications to communications and networking. His
Technology, Hoboken, NJ, in 2000, all in electricalcurrent interests focus on signal processing techniques for wireless and wire-
engineering. line communications including blind equalization, multiuser detection, fading

He joined the faculty of Department of Electrical channel estimation and tracking, and signal processing methods for networking
and Computer Engineering, Drexel University,problems.
Philadelphia, Pensylvenia in 2000, where he is cur- Dr. Tsatsanis is a member of the IEEE technical committee on SPCOM.
rently an Assistant Professor. His research interestge has served as a member of the organizing committee for the 1996 IEEE

are in the area of signal processing for communications and networking, wilynal Processing Workshop on SSAP and as the technical co-chair of the orga-
focus on multiple access, multiuser detection, and signal processing meth@igshg committee for the 1999 IEEE Workshop on Signal Processing Advances

for networking.

in Wireless Communications. he received the 1998 NSF CAREER award and
the 1999 IEEE Signal Processing Society Young Author Best Paper Award.
He has also served the IEEE in the capacity of the associate editor for the
IEEE TRANSACTIONS ONSIGNAL PROCESSINGand the IEEE ©MMUNICATIONS

Nicholas D. Sidiropoulos(M'92—-SM’'99) received LETTERS

the Diploma in electrical engineering from the Aris-
totelian University of Thessaloniki, Greece, and the
M.S.and Ph.D. degrees in electrical engineering from
the University of Maryland at College Park (UMCP),
in 1988, 1990, and 1992, respectively.

From 1988 to 1992 he was a Fulbright Fellow
and a Research Assistant at the Institute for Systems
Research (ISR) of the University of Maryland.
From September 1992 to June 1994 he served his
militaryservice as a Lecturer in the Hellenic Air

Force Academy. From October 1993 to June 1994 he also was a member of the
technical staff, Systems Integration Division, G-Systems Ltd., Athens, Greece.
He has held Postdoctoral (1994-1995) and Research Scientist (1996-1997) po-
sitions at ISR-UMCP, before joining the Department of Electrical Engineering
at the University of Virginia in July 1997 as an Assistant Professor. He is
currently an Associate Professor in the Department of Electrical and Computer
Engineering at the University of Minnesota, Minneapolis. His current research
interests are primarily in multi-way analysis and its applications in signal
processing for communications & networking.

Dr. Sidiropoulos is a member of the Signal Processing for Communications
Technical Committee (SPCOM-TC) of the IEEE SP Society, and currently
serves as Associate Editor for IEERANSACTIONS ON SIGNAL PROCESSING
and IEEE 8NAL PROCESSINGLETTERS He received the NSF/CAREER award
(Signal Processing Systems Program) in June 1998.



