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Abstract—In this paper, a frequency-domain cross-layer processinginthe PHY layer. Iteratiigerference cancellation
collision-tolerant (CT) media access control (MAC) scheme is (IC) methods are used to resolve multi-user collisions in a
proposed for the up-links of broadband wireless networks wih contention-resolution diversity slotted ALOHERDSA) [5]
asynchronous users. The collision tolerance is achieved thia . o
frequency-domain on-off accumulative transmission (FD-OOAT) and anirregular repetition slotted ALOHA (IRSA3cheme
scheme, where the spectrum is divided into a large number of [6] and [7]. In the CRDSA and IRSA schemes, each packet
orthogonal sub-channels, and each symbol is transmitted ev is transmitted multiple times at random slots in a frame. A
a small subset of the sub-channels to reduce collisions. Suc successfully detected packet can be used to iterativelyasttb
a radio resource management scheme renders a special signakhe interference caused by its replicas. The throughput of
structure that enablesmulti-user detection (MUD) in the physical CRDSA and IRSA d d ticall th lized
layer to resolve the collisions at the MAC layer. Most existig an rops_ rama ICally once (he normalize
MUDs require precise symbol level synchronization among wss. Offered load exceeds certain point, because the IC schemaes a
The proposed scheme, however, can operate with asynchrorou unable to find at least one collision-free signal at the nexrdd
users. A new theoretical framework is provided to study the jnitiate the iterative IC process under heavy loads. In taotdi
impacts of time-domain user delays on system performance. o ahove techniques rely on perfect synchronization among

Both analytical and simulation results demonstrate that tre hich is difficult t hi - tical ¢
proposed FD-OOAT structure with time-domain oversampling ~US€S, WhiCh IS dilficult o achieve in practical Systems.

is robust to user delays and the timing phase offset caused The limitations of iterative IC can be partly solved by
by the sampling clock difference between the transmitter ad using multi-user detectior(MUD), which performs simulta-
the receiver. It is shown that the proposed scheme can achiev neous detection of signals from two or more users collided
significant performance gains, in terms of both the number of at the receiver. MUD in the PHY layer can be combined

users supported and the normalized throughput. . . .
Index Terms— Collision-tolerant media access control, asyn- with MAC techniques to improve the spectrum and energy

chronous users, timing phase offset, and oversampling efficiency in wireless networks [8]-[10]. MUD techniquegar
often designed with multi-dimensional signals in the PHY
|. INTRODUCTION layer, such asode-division multiple acceDMA) [8] or

. . . orthogonal frequency division multiplexing@FDM) [9]. An
The design of reliable broadband multi-user systems fac(t)ag_mcf accumulative transmissig@OAT) scheme in [10] can

a number of challenges, such as frequency-selective fadingpport more simultaneous users than the dimension of the

the competitions for the limited spectrum resource, and the P . : . : :
. o . "~ ‘raceived signals by repeating the same signal multiplesime

lack of precise synchronization, etc. The main objective Q . . . . .
) . . .~ and using silence periods between two consecutive repwiti
this work is to develop a spectrum efficient communication - .
. .to reduce collisions. However, the OOAT scheme in [10] works
technique that can address all these challenges by exgioiti

the interactions betweephysical (PHY) layer andmedia o_nIy in flat fadm_g chan_nels, yet broadband commL_ln_|cat|ons
. L dictate an operation environment of frequency-selectidaig.
access contro{(MAC) layer in a communication network.

! . . In a multi-user system, two types of synchronizations are
In many conventional MAC schemes, signals collided y yp y

t L .
. ) . : . eeded: the synchronization among the users, denotadlés
a receiver will be discarded and retransmitted. This resu?% y 9 ’ d

in a waste of the precious enerav and Spectrum reso rCuser synchronizatiofMUS), and the synchronization of the
naw . preciou 9y pectru u ggmpling phase between the transmitter and receiver glocks
Various collision-tolerant (CT.) MAC prot_ocols ha\_/e be_en denoted asampling phase synchronizatid8PS). The SPS
dev_elopeql to extract the _sahent information cor_ltalnechm tis usually based on correlation between a specially dedigne
collided signals by resorting to cross-layer designs [}

. : ) training sequence and the received signals [10], [14] aby [1
ng'i;%?ilf; rreeg:vpetlroans‘lr\glztliqgnlgf '%]e_c[;glIigzsdusrinensalghg;:e In multi-user systems, thiease statior(BS) first estimates the
9 relative delays of all the users by correlation-based SP®. T
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signal-to-noise ratioSNR) at the receiver [12], [13]. A. Proposed System Structure

In this paper, we propose a new cross-layer CT-MAC congider a wireless network withy' users transmitting to
scheme that can support a large number of simultaneous U§gESsame receiver through a shared channel. Each MAC frame
operating in frequency-selective fading, require neiti&SS  conaing i symbols. To achieve collision tolerance in the

nor SPS, and is also robust to timing phase offsets. Mqgiac layer, users employ the FD-OOAT in the PHY layer
existing CT-MAC schemes in the literature are developed <hown in Fig. 1.

for flat fading channels [S}-[7], [10]. For example, time The entire available bandwidti3, is divided into K M
dispersion caused by frequency-selective fading will rgst sub-channels, denoted as sub-chanfels--- , KM — 1 in

the special signal structure that is critical to the Origin%rder with a bandwidthB, — -2 each. Each symbol uses

. . . i) - KM .

time-domain OOAT scheme [10]. We address this problefy g, channels uniformly spread over the entire frequency
by developing a newrequency-domain QOATFD-OOAT), pang  that is, theM sub-channels with indices{mK +
where a frequency-selective channel is divided into mldtipk M-1"are assigned for the-th symbol in the frame, for
orthogonal sub-channels in the frequency domain with tte heg ' =" '

. _ = 0,---,K — 1. During each transmission, onli sub-
of OFDM. Different from conventional OFDM, each symbol.;. oo hels from thel/ ones for each symbol are occupied.
is transmitted over several sub-channels with a certain

%ffe indicator vector of the occupied sub-channels forrthe

off pattern in our scheme. The frequency-domain repetiti A user can be represented by a binary vector of leddth
increases the degree-of-freedom (DoF) of the signals at the _ [Pal0], - pu[M — 1))T € BM*1, whereB = {0,1}

n

receiver, thus enables the collision tolerance of the syste,,,
With the FD-OOAT, the relative transmission delays amon K +k}-th sub-channel, ang, [m] = 0 otherwise. Symbols

the users in the time-domain are manifested as phase shift 1ithe same user use the same transmission pateriwith
the frequency domain, and our theoretical analysis shoats t";luch a scheme, each symbol is repeated dvetb-channels

]tchey have negllg(;ble Impacts on SVSte'T” performance. Theéﬁbcumulative transmission), and the utilization of thé-su
ore, FD'_OOAT _oes__not require precise MUS or SPS, Y&hannels are determined by an on-off transmission pattern
synchronization is critical to most existing CT-MAC system pn. In the example shown in Fig. 1, there ake— 5 users,

Morg i_mportantly, the frequency-dom_ain operations allasv Uiy — 19 available sub-channels per symbol, aRd= 4 out
to minimize the number of users colliding on each.sub—chbnqﬁ the 12 available sub-channels are occupied. It is assumed
by using simple on-off patterns that are radically differteam at all users use the same carrier frequency, thus the satme s

those used by the original time-domain OOAT schemes [1 f sub-channels. As a result, signals from different usees a

Another important contribution of this work is the devel'aligned in the frequency domain as shown in Fig. 1.

ppment of a new theoretical framework that quantifies the Based on the above description, the signal transmitted on
impacts of timing phase offset on system performance iRe (mK + k)-th sub-channel of the-th user isd,[mK +

multi-user multi-carrier systems. New analytical expi@ss k|, = pn[mlsne, Where s, is the k-th symbol from user
- n nkKs n

of the frequency-domain channel coefficients are develop% Consequently, the signal vector of theth user can be
as functions of the timing phase offsets. Both theoretical ae>'<pressed ad : [dn[0], dn[1],- -, dp[KM —1]]T € SEX1
simulation results demonstrate that time-domain oversiagp \ oo 7. — KnM Si _ ?S ’0} énéS is the modul+atic;n

can effectively remove the effects of timing phase offset fc?:onstellation set with a cardinality = ||

multi-carrier systems. Therefore, the proposed scheme Calt o signal vectord,,, is converted to the time domain by

operate in an asynchronous environment without incurri IVi o : .
. . . - %&) ing anL-pointinverse discrete Fourier transforhDFT
additional interference or SNR degradation. The collisiam ping P GDFT)

ith p,[m|] = 1 if the k-th symbol is transmitted at the

FD-OOAT are resolved by using optimum and sub-optimum X, = Ff’ -d,, (1)
MUDs, which do not require precise synchronization as most - . _
existing MUD schemes. An analytical performance bound Yéherex, = [2,[0], z,[1], -+, z,[L—1]]" is the time-domain

derived to quantify the performance of the proposed schenfégnal vector, A" is the matrix Hermitian operator, and
The rest of this paper is organized as follows. The FOT, € C*** is the L-point discrete Fourier transform (DFT)
OOAT scheme with time-domain oversampling is presented atrix with the (r + 1,¢ + 1)-th element beingF |, . =
Section Il. The optimum and sub-optimum detection methoq;%*,f exp (—j2n5¢), for r,c = 0,1,---,L — 1. The space
that can resolve collisions and collect the diversity gains between two consecutive time-domain sample®is= .
described in Section Ill. In Section 1V, theoretical stigdae Before transmission, a length; cyclic prefix(CP) is added
performed to quantify the impacts of multipath diversityiga to the time-domain signak,, to avoid interference between
and timing phase offset. Simulation results are given irti8ec consecutively transmitted frames. The time-domain signal
V, and Section VI concludes the paper. pass through a transmit filtep; (¢), and then transmitted over
a quasi-static frequency-selective fading channel witputse
responsg, (t). In a quasi-static channel, the fading is constant
inside a frame, and varies independently from frame to frame
The model of the proposed FD-OOAT scheme with timeAt the receiver, the received signals pass through a receive
domain oversampling are presented in this section. filter, po(t). Define thecomposite impulse respon§glR) of

Il. FREQUENCY¥DOMAIN OOAT WITH TIME-DOMAIN
OVERSAMPLING



‘ B . . .

B | the continuous-time CIR,,.(¢), andz,.[i] is the oversampled
le@————————— N v ofz,[i] asz . [i] = x,[i/u], if i/u is an integer, and
we?l | [ [ [T 11 B B B [ B [T ]: O o.therwise. It !s assume_d that the length of the GIR, is

an integer multiple ofx, with /. being the length of the CIR
vserd [ [ [ [T TTTT 1] Bod [ | Bd Bd Bd @ without oversampling, which can be always met by appending
ved T B0 B B T T T T E i zeros to the CIR. The timing phase offsg}, is incorporated
D::::E[:E[: g LLLLILLLLL in the discrete-time CIR:..[l]. We will study in Section IV
wersfsd [ | [ [ [ Bd [ [ [T T TTT 1 Bd Bd & theimpacts ofrg on the statistical properties of the channel
coefficients and the system performance.
[of Ia] [2] [3] |4 [s] [e] [7] |8 [of [ |2

With the discrete-time system model given in (4), the
Fig. 1. A frequency-domain OOAT system witN = 5 users,R = 4 Iength of the C_P should S_at'SWP 2 l_c + ld/u __1’ _Where
sub-channels occupied out 8f = 12 sub-channels for each symbol. lg = max{l,} is the maximum relative transmission delay
among the users. It should be noted that the proposed method
can work for arbitrary value of;, and a largei; means a

the channel as longer CP. To achieve better spectral and energy efficigncy,
ho(t) = ® gn () © oot ) Is assumed m_the simulations thate [Q,uK). o
(1) =¢1(t) © 9n(t) © ¢2(t) 2) Due to the time span of the transmit and receive filters, the

where® is the convolution operator. The CIR,.(t), includes CIR coefficients,{%,.[I]}i2s~", are correlated, even though

the effects of the physical channel and the transmit amise underlying channel might undergo uncorrelated sdatter

receive filters. The transmit receive filters are used totlthe The correlation coefficiente,[l1,l2] = E [k, [l1]h" [l2]],

bandwidth of the transmitted signal. For systems with rootan be calculated as in [18, eqn. (17)].

raised-cosine (RRC) filters as the transmit and receivedilte After the removal of the CP, the received symbols can be

the bandwidth ofu,,.(t) is 1;—16‘ whereq is the roll-off factor written in a matrix form as

of the filter, andI} is the space between two consecutive time N

domain samples at the transmitter. \/72 H ,  x,+2,,
The output of the receive filter is

N = where Yr = [UT[O]’ 7yT[UL - 1]]T € CULX1* Z, =
Uc(t \/7xn nc t - lTl - Tn) + ZC( ) (3) [ZT [0], s T[UL — 1]]T S CULX1, HnT = [hn,lahn,u+1a
n= ll_foo h (L= 1)u+1] c CuLxL, with hn,k c CuLxl be-

whereE, is the energy per symbot, is the relative delay of ing the k-th column of a circulant matrixH, €
the n-th user,z,, ] is the-th time-domain sample from theC*L*“L. The first column ofH, € C“'*“l js h,; =
n-th user with a sample periofh, z.(t) = p2(t) ® ve(t) is  [0f , hnr[0], Anr[1], -, hnr[ulc.—1],0%, _, _, 1%, and0,
the noise component at the output of the receive filter, with a lengthe all-zero vector. With the equivalent discrete-
v.(t) being theadditive white Gaussian noigdWGN) with time CIR representation, mis-alignments among users are
one-sided power spectral densilyy. The relative delayy,,, represented in the form of time shifts in the columns of the
introduces mis-match between the receive filter and transmirculant channel matrifl,,, and the timing phase offsets are
filter, and the effects are captured as a time shift in the CiRcorporated in the discrete-time CIR,7[].
hae(t). It should be noted that the effects of frequency offsets Due to the time span of the receive filter and the over-
are not considered in (3). In case of non-zero frequencetsfs sampling operation, the time-domain noise vector is also
they can be estimated at the receiver then compensated atcigelated. The vectorz,., is zero-mean complex Gaussian
transmitter with the help of a feedback channel. distributed with a covariance matriR, = E(z,z") =

The output of the receive filter is sampled at the time instan, R, € C*“*“L, where the(m,n)-th element ofR,, is
t = iTy, whereT, = Ty /u is the sampling period at theff;o w2((m —n)Ty + 7)ps (7)dr [19, Lemma 2].
receiver, with the oversampling factos, being an integer. The uL-point DFT is applied to the vectay,. to convert
Denote the relative delays among the users,as= [,,75 + the signal to the frequency domain as
o, Wherel,, represents the mis-alignment among the users N
in terms of receive samples, angd, € [0,7%] is the timing _ \/EZ H -d tz (6)

. . F nF n F)

phase offset between the sampling clocks at the transmitter
and receiver. The discrete-time samples are

(®)

wherey, = F, ,y, andz, = F ,z, are the frequency-
N ule—1 domain signal vector and noise vector, respectively, and
y-lil = \/7 [i=1=lalh [+ 201, (4 |7, = F, H _FI ¢ cuxL is the frequency-domain
n= 1 l 0 channel matrix, withf',, € C**uL being theuL-point DFT
where y,.[i] = y.(iTz) and z,[i] = z.(iTz) are theT>- matrix. Due to the correlation among the noise samples in the

spaced samples of the received signals and noise comppnédimtge domain, they are still correlated in the frequency dioma
respectivelyh, . [I] = hnc(IT2—Tno) is the sampled version of The covariance matrix of, is R, = NoF, R,FE 1t



should be noted that due to the on-off transmission, @tly vectors are constructed as described in Definition 1, then th
out of theL = M K elements ind,, are non-zero. collision order of the system i8/, = [Z£].

From (6), signals from different users are aligned in the Proof: Without loss of generality, consider sub-channel
frequency domain, even though they are asynchronous in thigh index 0. Based on the cyclic shifting construction noeth
time domain. The matriL , can be partitioned into a stackusern will transmit on sub-channel 0 if and only if there
of u sub-matrices aH , = [GL,, - ,Gf(u_l)]T, where exists a non-negative integersuch that(n — 1)R < qM <
G,, € C*L. The matrix,G,,, is a diagonal matrix, with (n — 1)R + R —1 < nR. Sinceq is an integer, the above
the (m + 1)-th diagonal element being [19, Corollary 1]  inequality can be alternatively written as

- 1R R
jomlnvIem) ulo—1 (L ) 1<a< 2. (8)

e ul g (wELtm) -l M M

Gnv[m] = Z hn,T [l]e / ulbo (7) .
Vu = For a system withV users, we thus havweax(q) < [Z£] —
N—-1)R
In (7), the delayl,., in the time-domain is manifested as & < [7]- On the other hagvdlg%1 -1< f—(l 7 <
phase shifte=i27 %™ in the frequency domain. max(q). Thereforemax(q) = [57] — 1. The minimum value

With the model given in (6) and (7), each,[m] is of q is 0. Th.erefore.there are at mo&f}ef] values o_fq
equivalently transmitted over sub-channels with coefficientsSatisfying the inequality. Each};/alue gfuniquely determines
{Gm[m]}ﬁ;é- Due to oversamplingu sub-channels at the @7 thus there are at mo$tiZ] users transmitting at sub-
receiver occupy the same bandwidth as one sub-channefgnnel 0. The coI_I|S|_on orders on the other sub-channels ca
the transmitter. However, the relative alignment of the-suf® bounded in a similar manner. _ _ n
channels from different users remain unchanged. Consideft Should be noted that the construction described in Def-
the example in Fig. 1, with the block diagonal structure dfition 1 is not unique. We can get a set of position vectors
H,,, the sub-channels at the receiver side can be obtairfB@t achieve the minimum collision order by performing the
by duplicating the diagram in Fig. & times in the frequency Same permutations on all the position vectors obtained from
domain, then reduce the bandwidth of each sub-channel Bgfinition 1. Since all users permute their position vectors
a factor ofu. Each modulated symbok,, is equivalently following the same pattern, the relative collision relaghip
transmitted over.R sub-channels in the frequency domair@Mong theV users remains unchanged.

Therefore, frequency diversity is achieved with the praubs The oversampled FD-OOAT scheme contributes to the per-
FD-OOAT scheme. TheuR sub-channels spread over thdormance improvement of the wireless network from the fol-
entire frequency band to maximize the frequency diversiwing perspectives. First, the on-off transmission waitluce
We will quantify the frequency diversity order by resortitu the collision order. Second, the transmissionfofidentical

an analytical performance bound in Section IV. sub-symbols with oversampling results inu&-dimensional
o received signal in the frequency domain, which can be used
B. Collision Tolerance for the detection of theV,.-dimensional signal in the space

With the frequency-domain system representation in (&), tdomain. Third, frequency diversity is achieved by transint
received information at the:-th sub-channel at the BS is thethe k-th symbol inuR sub-channels. Fourth, the relative delays
superposition of a set of signal§d,,[m]})_,. The value of among the users in the time domain are represented as phase
dn[m] is O if p,[im] = 0. Therefore, only a subset of the usershifts in the frequency domain, thus the user mis-alignment
collide at them-th sub-channel. The collision order at the does not affect the collision order in the frequency domain.
th sub-channel isV.[m] = Zi:;lpn [ir]. The collision order
of the network is defined a8, = max,, N.[m]. We have IIl. COLLISION RESOLUTION WITH OPTIMUM AND
N, = 2 for the system shown in Fig. 1. For a system with SUB-OPTIMUM DETECTIONS
users,R repetitions, and/ sub-channels per symbol, there are In this section, optimum and sub-optimum detectors are
N R repetitions transmitted ove¥/ sub-channels, thus it candeveloped for the oversampled FD-OOAT system to resolve
be shown that the minimum collision order 6. = [%] the collisions among the users and to collect the inherent
with [a] being the smallest integer no less than frequency diversity. The detectors do not require pregyse s

There are many different ways to construct the position vechronizations among the users. The complexity of the receiv
tors to achieve the minimum collision order. Here we preseist also studied.
one simple construction scheme through cyclic shifting. . .

Definition 1: Given M and R, define the position vector A- Muti-user Detection
of the first user ap; = [1%,0%, 4|7, where1, ando, Since the time-domain mis-alignment among the users does
are lengthr all-one and all-zero vectors, respectively. Theot affect the user alignmentin the frequency domain as show
position vector of then-th user can then be obtained byin Fig. 1, thek-th symbol from one user will only interfere
cyclically shifting p; to the right by(n — 1)R positions, for the k-th symbols from the other users. This is different from
n=2---,N. the time-domain OOAT [10], where theth symbol from one

Lemma 1:Consider an FD-OOAT system witN users,R  user might interfere adjacent symbols from the other useges d
repetitions, andV/ sub-channels per symbol. If the positiorto the signal mis-alignment in the time-domain.



The k-th symbols from all theN users,{s,.}"_,, can thea priori probability is initialized toP (s, = S;) = % The

n=1
be jointly detected by using a block afM received signal extrinsic information at the output of theth iteration will be
samplesry, = [yi,---,yl_]T € C*M*! with y, = used as the soft input of the + 1)-th iteration asP(s,, =
WelvL + K, yp[vL + K + k], -+ ,y.[vL + (M — 1)K + S;) = cni exp[Bnk[i]], wherec,, is a normalization constant

k|7 € CcM*1 The vectorr, defined above is obtained byto makezfz1 P(spr = S;) = 1. At the final iteration, hard
extractinguM elements from the frequency-domain vectodecision will be made based on tlaeposteriori probability
¥, and it can be alternatively representedras= B,y,., generated by the SISO-BDFE as

where B;, € BvMxuL is obtained by extractingiM rows
from a sizeuL identity matrix I, with the indices of the
extracted rows beingL. +mK +k, forv =0,--- ;u—1 and
m=0,---,M—1.

From (6), we have

Sni = argmaxpP(sp, = S;|rk). (12)
S, ES

Simulation results show that the performance of the itegati
detection algorithm usually converges after 4 iterations.

5 IV. PERFORMANCEANALYSIS
ryp =1/ ESHIC " Sk + Wi, 9) Theoretical analysis is performed in this section to qugnti
the impacts of timing phase offsets on the performance of the
wheresy, = [s,,, 5, ,5y,)" € V¥ andwy, = Byz, € proposed FD-OOAT scheme.
CuMx1 are the modulation symbol vector and noise vector, )
respectivelyH, = [GT,--- ,GT |7, andG, € ¢cM*N js A. An Analytic Performance Lower Bound

the frequency-domain channel matrix with the + 1,7n)-th An analytic performance lower bound on th#-error rate
element being,,[m]G,,[mK + k]. Since the elements ¢f;, (BER) of the proposed frequency-domain CT-MAC scheme
are extracted fronz,., they are mutually correlated with thewith binary phase shift keyingBPSK) is developed by em-
covariance matriRy, = NoByF, R, FZ B, ploying the genie-aided detector [21], where a genie pewid
The optimum maximum likelihood (ML) detection of (9) isside information of the symbols from all other users such tha
H interference-free detection can be performed. The gddida
A . E T E bound is the same as the exact BER of a single user system,
Sk 2:221;’-(”_\/;111“5'“)ka<rk_\/;Hksk> ’ because it assumes that interferences from all other uaers ¢
(10) be removed. It will be shown through simulations that the
whereRl{, is the pseudo-inverse @&.,,. The ML detection bound is very tight even when the number of users is large due
requires the exhaustive search of a setSf possible signal to the collision-tolerance properties of the proposed sehe
vectors, and the complexity grows exponentially with the With the interference-free assumption, the received $igna
modulation levelS and the number of users. corresponding to thé-th symbol of then-th user is
A low-complexity detection algorithm is presented here i)
to balance the performance-complexity tradeoff. The sub- Tpk = \/;gnk “ Spk + Wnk,
optimum algorithm is developed by employing an iterative R
soft input soft outpufSISO)block decision feedback equalizewhere r,,, = [Yios - 7Y,Tl(u_1)]T € cui>l with y,, =
(BDFE) [20], which performssoft successive interferencely, [vL+niK+k], - ,y.[vL+nrK+k]]T € Cf*1 n,isthe
cancellation(SSIC) among theV symbols insy. r-th non-zero position ip,,, Wy, = [z, - - ,zf(ufl)]T €
The soft input to the iterative BDFE equalizer is gapriori  ¢=£x1 with z,,, = [2p[vL + ni K + k], Lz [vL +npK +
probability of the symbolsP(s,, = S;), forn =1,--- | N KT € ¢Bl andgu, = [GL,, - ,Gg(uil)]T c CcuRx1
andz: =1,---,8, where_Sz- €S. Th(_ea priori mfc_)rmatlo_n IS with G, = [Gro[n1 K + k], -+, Gro[nrK + K]]T € ¢Rx1
obtaln_ed from the previous detection round Wlth_ an '_teEﬁt'Voeing the channel coefficient vector.
detectl_on_ methoo_l._ The soft output of the equalizer isd@he EFrom the system model in (13)R repetitions of each
posteriori probability of the symbolsP(sn, = Silry), for symbol is equivalently transmitted overR sub-channels,

n=1.---,Nandi=1,---,5. With the soft output at the \ hicp, is equivalent to aingle-input multiple-outputSIMO)

equalizer, define tha posteriorimean,s,;, and the extrinsic gygtem. The SIMO system has correlated channel taps and is
information, 3, [i], of the symbols,, (k) as corrupted by colored noise.

(13)

s The channel coefficient vectag,,,, can be represented as
Spk = ;P(Snk = Silry)S; (11a) e = VIBo -F., D1, (14)
Bukli] = log P(spk = Si|ry) —log P(sn = SiX11b) whereh,, ; is the first column of the matri¥l,,, andB,,; €
The a posteriorimean, s, is used as soft decisions for th Buzlxeﬁ;tab%?nagylr,nﬁ ii Vl\/:th FPT%RJQ 8,L+n,rfj]1<:+a1r)1d

SSIC during the SISO-BDFE process. Details of the SIS
BDFE detection can be found in [20].

In the proposed sub-optimum detection, the SISO-BDFE
with SSIC will be performed iteratively. At the first iterati, R, = LB,,F

all other elements being zero.
The auto-correlation matrix®.,,;, = E[gnkgfk], is

R; F7 B, (15)

u L



whereR; = E(hnylhfl{l). R;, can be written as a block between the samples im,,;, is usually very small. To measure

matrix as the mutual correlation of the sampleswn,;, define a metric
Olnxln Oln><ulc OlnxlT 1 N K ”R/ H2
Rﬁn = Oulcxln Rh’n. OUZCXZT 9 (16) P = NK Z Z ||ank H ) (22)
0%t Op.xu. Op.xi, n=1k=1 I7"Wnrll2

wherel, = L — 1, — ul., and the(l},l,)-th element of whereR;, is a diagonal matrix obtained by setting all off-
Ry, € CUeXe is ¢, [ly, 1] = E [h, . [l1]h* [l2]], and it can diagonal elements oR.,,, to O, and||A ||z is the Frobenius
be calculated from [18, eqn. (17)]. norm of the matrixA. The metricO < p < 1 measures the
The covariance matriR.,,, of the colored noisev,,; is ~ Percentage of energy on the diagonalR§,,,, andp = 1
HoT means thatR.,,, is a diagonal matrix. Table 1 shows the
Ruw,. = NoBurF, RF ) By, (17)  values of1 — p with v = 2, M = 12, R = 2, and various

The covariance matrix might be rank deficient. Define thélues of K. It is clear thatp is very close to 1, and the

pseudo-inverse of the noise covariance maRiy, , differen_ce betweerp and 1 decreases as in_creases. The
' results in Table 1 demonstrate that the off-diagonal elesnen

RY = UnyA, UfL e cvfxel (18) of R, are negligible compared to its diagonal elements.

With Unp = [Wnkt, Unkzs -+ s Unoy] € CHRX, Ay = If we ignore the off-diagonal elements Bf,,,,, and approx-

imate the noise vectow,,; as white noise with correlation
matrix R, , then we can simplify the error performance
1analysis. With the white noise assumption, the SNR in (20)
fan be approximated by

diag[Ank,1, Ank,2, s Anko,] € CUF*VF, where vy, is the
number of non-zero eigenvalues Bf, ,, A, is a diagonal
matrix with {\.x:}:*, being the non-zero eigenvalues o
Ry, ., and {u,,};*, are the corresponding orthonorma

eigenvectors. o u—1l R
Define the noise whitening matriD,, = A}V, Yk = 7 ZZ Gro[ne K + K]Pdnr[vR + 7], (23)
Applying D, to both sides of (18) yields an equivalent v=0r=1
system where g, [r] = ¢ ] if gui[r] # 0 with g,,.[r] being ther-
£ = /Egnk « Sre + Wt (19) th diagonal gllerr?ent OoR, ., ando,,[r] = 0 otherwise. The
R error probability in (21) can then be approximated by ushey t
where £, = Doirnss 8 = Dyrgor, and w,, — eigenvalues of the product mati¥,, R, D, with D/, =
D,y With the covariance matrix ofv,;, beingR«,, = diag{¢-/’[0],---, ¢/ [uR — 1]} being a diagonal matrix.
D, Rw,, Dl = NoLy,. _ The BER results calculated with the white approximation in
The SNR of (19) can be written as (23) is very close to the exact genie-aided bound in (21)nfro
our simulation since is very close tol.
v = gfkRivnkgnkl}g, (20) @IS Ve

B ) . . B. Impacts of Relative Delays
wherey, = 3 is the SNR without fading. For systems with

BPSK and R(éyleigh fading, the error probability fef; is In this subsection, a theoretical framework is provided to
[12] ’ study the impacts of the relative delays among the users on

the performance of the proposed FD-OOAT scheme. From

1 5 Lo Snkr 0 -1 the analysis in the previous subsection, the performance of
Pu(E) = ;/ H [ m} dg, (21) the system is dominated by the statistical properties of the
0 r=1 SNR #/, defined in (23), which in turn depends on the
where L, is the rank of the product matriD, ;R D, squared amplitude of the channel coefficienes,.,[m]|*. It
and 6,4, for r = 1,---, L,s, are the corresponding non-should be noted that the power and the auto-correlationeof th
zero eigenvalues. The average BER can then be calculated'@ise components are independent of the relative delays
P(E) = % Zﬁ;l Zszl P (E). evident in (17).

In the above analysis, the order of multipath diversity is The relative delay can be expressedras= 1,72 + 7o,
Lk, Which is the rank ofD,., R, DX The matrix Rx wherel,, represents the mis-alignment among the users, and
corresponds to correlation of the frequency domain chanrieb € [0,7%] is the timing phase offset of the sampler. It is
coefficients, andd% D, = R, _is the pseudo-inverse of clear from (7) that,, has no impact on the squared amplitude

Wnk . .
the noise covariance matriR.y, , . |G [m]|*. Next we will study the impact of,.o on |G, [m] .
The off-diagonal elements of the matrR.,,, are con-
tributed by the correlation of the colored noise. The ele- TABLE |

ments in the noise vectow,;,, are extracted from the sizef.  1.c yetric1 — p UNDER DIFFERENTE (M = 12, R = 2 AND u = 2).
frequency-domain noise vectar, based on the transmission

pattern p,,, and there is at leask’ sub-channels between K 1 10 20 50 100
any two samples itw,z. As a result, the mutual correlation_L=p [ 4.9x107 | 2.3x107% [ 8.9x10™ | 4.0x107 | 1.8x10™




Define thediscrete-time Fourier transfornDTFT) of the of the channel coefficient as shown in the SNR defined in
T»-spaced discrete-time CIR, ..[I], as (23), the user mis-alignments or timing phase offset hagw ve
L small, if any, impact on the performance of the system when
H.(f) = Z ho (e o< f<1 (24) U > 2. _Specmcally, for sys_tems with at m_ost 1(_)0_% excessive
p bandwidth, an oversampling factor of 2 is sufficient to avoid
) _ spectrum aliasing at the receiver, thus removes the impécts
Sinceh,, . [I] = hnc(IT2=7no), based on the sampling theorem, ' the anove analysis is corroborated by simulation results
the DTFT can be expressed as with both optimum and sub-optimum detectors.

H.,(f) = Ti Z oo (%) exp <_j27mlo%) : V. SIMULATION RESULTS
2 2 In the simulation examples, the sample period at the trans-
P ) (25) mitter is set to7; = 3.69 us, and RRC filters with a roll-
where i, (T_z) is the Fourier transform of the CIR,.c(t).  off factor a = 1.0 is used for both the transmit and receive
From (7), (24), and (25), we can write the frequency-domafiers. The relative delays among the usets, is uniformly
channel coefficient(,,,[m], as distributed betweer{0, KTy] with K = 50 unless stated
o j2m e tm) 0o oLtm i ‘ iaps otherwise. The frequency-selective fading channel fodloke
Gy [m]_izﬂm(—__)e‘ﬂ”nﬂm, Typical Urban(TU) power delay profilgPDP) [22].
Trvu i= ully T Fig. 2 shows the BER results of the proposed CT-MAC
(26) system under various system configurations. Thereldre-
The CIR, hy((t), includes the effects of the physical chani2 sub-channels an& = 2 repetitions for each symbol. The
nel and the transmit and receive filters. From (2), we_ha¥gb-optimum BDFE detection is performed with 4 iterations.
Hne (Tiz = P (TLZ) Gn (Tiz) Pa (Tiz) where P; (T%) The analytical results are obtained with both (21) and the
white approximation as in (23), and the two results overlap.
We have the following observations about the results. First
when N = 1, the analytical and simulation results match
perfectly for bothu = 1 and 2. Second, with the BDFE
is sz < 12%1 or |f| < 12+_ua All practical systems have receiver, i_ncreasing\f has less impacts_ on the oversampled
at most 100% excessive bandwidile, o < 1. Therefore, SyStém withu = 2 than the system with: = 1. At BER

Hoe T% =0 for |f| > % = 2 x 1073, increasingN from 1 to 10 results in a 1.5

1) u Z 1: For a system without oversampling, we havéjB and a 0.8 dB performance loss for systems with= 1

d the f q . i q and v = 2, respectively. This indicates that the proposed
Tr = Tz, and the frequency-domain support Bf (T_l) and  ep-ooAT system can operate properly even when there are

Hoe (T% are|Ti1| < 12%& Due to the excessive bandwidth@ large number of users and collisions. In addition, when

of the transmitted signal whem > 0, the sampling operation « = 2 and N = 10, the sub-optimum BDFE receiver achieves
at the receiver causes spectrum aliasing as shown in (25) &f#0st the same performance as the optimum ML receiver, but
(26). It is apparent from (26) that the frequency-domaimehaWith @ much lower complexity. Third, the oversampled system
nel coefficient is a function of,,,. Therefore, the performanceconsistently outperforms the system without oversampling
of the system withu = 1 will be affected byr,o. The performance improvement s contributed by the addifion
multipath diversity and the insensitivity to the timing gea
offset due to the oversampling operation. At BER x 103
He (T—’;) are || < 35 < 5 for a < 1. Therefore, and N = 10, the oversampled system outperforms its non-
the sampling ratei- is at least twice as much as the signapversampled counterpart by 5.6 dB when BDFE is used.
bandwidth, and there is no spectrum aliasing after sampling The effects of the receiver timing phase offset on the
The channel coefficient in (26) is simplified to system performance are studied through simulations in Fig.
o lnLtm) 3 for single-user systems and Fig. 4 for multi-user systems,
Gonlm] = J ul y <UL + m> o—i2mmotsiz  respectively. In Fig. 3, there afé = 2 repetitions and/ = 12
Tov/u uLTy sub-channels per symbol. To have a better understanding on
. o (27)  the effects of timing phase offset, it is assumed that is
The squared amplitude of the channel coefficient can then fpgq at 0 0r0.5T5 in Fig. 3. The performance of the system

expressed as with « = 1 varies asr,,o changes, yet the performance of the
1 oL +m\ |2 oversampled system is independentgf.
|Go[m] > = T Hne (T) (28) A similar observation is obtained in Fig. 4 for systems
2V/u Ut with multiple users, where the BER is shown as a function
It is interesting to note thaiG,,,[m]|? is independent of the of 7,,0. The mis-alignment among the asynchronous users,
user mis-alignmentsg, or the timing phase offset,,. Since [,,, is uniformly distributed betweefd, uK]. The E, /Ny is
the system performance is dominated by the squared amglitd® dB. The BER of the oversampled system stays constant

=—00

— 00

and g, Tiz are the Fourier transforms af;(¢) and g, (t),
respectively. If the roll-off factor of the transmit and edme

filters is «, then the frequency domain support Bf (T—’;)

2) u > 2: The frequency-domain support &% (T%) and
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Fig. 2. BER performance comparison of systems with= 12 sub-channels
per symbol,R = 2 repetitions, and different number of users.

Fig. 3. The effects of the receiver timing phase offset on BEER
performance of the system (There axe= 1 user, M = 12 sub-channels

regardless of the values of,o, for both the optimum and Pe' Symbol. and = 2 repetitions).
sub-optimum algorithms with different number of users. On

the other hand, the BER of the system with- 1 is a function 10

of 7,0. The simulation results corroborate the theoretical ‘ " “ _-:-_E“jﬁgﬂé)m
analysis that twice oversampling is sufficient to remove the —o-u=1.N=10 (ML)
effects of 7,0 for a system with at most 100% excessive Iy i
bandwidth. Therefore, the proposed oversampled FD-OOAT . - +-u=2N=1 (BDFE)
scheme can operate effectively at the presence of both-multi 0 , ~ E;E;Z;ig E“BAE)FE)

user interference, user mis-alignment, and timing phasenf

Fig. 5 demonstrates the impacts of the number of iterations
on theframe error rate(FER) with the sub-optimum BDFE
detector through simulations. There a¥e= 10 active users,
R = 2 repetitions and\/ = 12 sub-channels per symbol. The
largest performance gain is achieved at the second iteratid
the performance converges at the fourth iteration for syste
with v = 1 or u = 2. At the fourth iteration and FER= 107 ‘ ‘ ‘ ‘
4 x 1072, the FER performance of the oversampled system 0 02 Samplinog-zil'iming Offgé?TO(Tz) o8 '
outperforms the one without oversampling by 5.6 dB, which ’
is consistent with the BER improvement observed in Fig. ZFig. 4. BER vs. timing phase offseE( /Ny = 10 dB. There are\l — 12

Fig. 6 shows the normalized throughput as a function etib-channels per symbol, ail= 2 repetitions).
the normalized offered load for various MAC schemes. For
the FD-OOAT system, there arkl = 10 sub-channels and
R = 2 repetitions per symbol. All other systems hade= 10 under any channel configurations. On the other hand, the
slots per frame. The normalized offered load of all systesnsriesults of the proposed FD-OOAT systems are obtained in a
calculated asz = % The normalized throughput is definedrequency-selective fading channel wify, /Ny = 15 dB. As
as the amount of data successfully delivered to the recp@&er shown in the figure, the slotted ALOHA, CRDSA and IRSA
unit time per unit bandwidth. The normalized throughput foeichieve their respective peak throughput wheén< 1, and
the FD-OOAT scheme is calculated %s(l—FER). Details of the throughput drop dramatically whe&n > 1. The proposed
the calculation of the normalized offered load and nornealiz FD-OOAT scheme achieves the maximum throughput 1.03
throughput can be found in [10]. For the slotted ALOHAbps/Hz atG = 1.6 whenu = 1. For the oversampled
CRDSA, and IRSA systems, the simulations are performsgistem withu = 2, the maximum throughput 2.06 bps/Hz
under the assumption of noise-free communicatian, the is achieved atz = 2.6. Therefore, the FD-OOAT system can
only source of errors for these systems is the unresolvable overloaded by supporting more users than the number of
signal collisions among the users. Results obtained umger sub-channels, yet all the other MAC schemes must operate
noise-free assumption represent the best possible pexfmen with G < 1. Employing FD-OOAT increases both the number

BER




0 3) the proposed scheme achieved a high spectral efficiency by
supporting a large number of simultaneous broadband users.
An oversampled FD-OOAT withl/ sub-channels per symbol
could support up taV = 2.6 M simultaneous users and has a
normalized throughput peak at 2.06 bps/Hz with BPSK.
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