arXiv:1604.06221v4 [cs.IT] 21 Jul 2016

Detection and Combining Techniques for
Asynchronous Random Access with Time Diversity

Federico Clazzer, Francisco Lazaro, Gianluigi Liva andiMalarchese

Abstract—Asynchronous random access (RA) protocols are replicas of their packets with arbitrary delays within a domw
particularly attractive for their simplicity and avoidanc e of tight  of fixed duration. Every time the receiver is successful in
synchronization requirements. Recent enhancements havé@vn decoding a packet, the packet is re-encoded, re-modulated

that the use of successive interference cancellation (SIGan d d f I it in th ved si |
largely boost the performance of these schemes. A further ep anad removed from all positions In the receved signal, ex-

forward in the performance can be attained when diversity Ploiting the replicas position information stored in theatler.
combining techniques are applied. In order to enable combiimg, Interference cancellation possibly allows further pasketbe

the detection and association of the packets to their transitiers  decoded. A similar scheme to CRA is proposed by the authors
has to be done prior to decoding. We present a solution to j, [15], where the virtual frame (VF) concept is introduced,

this problem, that articulates into two phases. Non-cohenat . the int | of ti . hich all , i s
soft-correlation as well as interference-aware soft-coelation are  -€- the Interval o ime in which all users replicas are isen

used for packet detection. We evaluate the detection capdities USers are synchronized to their local VF and are allowed to
of both solutions via numerical simulations. We also evalug send their replicas only in discrete positions within the. VF

numerically _the_ sp_ectr_al efficie_ncy achieved by the proposk The VFs of different users are asynchronous_

approach, highlighting its benefits. An evolution of CRA called enhanced contention resolution

ALOHA (ECRA) has been presented first in [16]. At the

receiver, after SIC is carried out in a similar way as in CRA,

the received signal samples associated with the repliGs th
Sharing efficiently the resources among users that are g&nnot be decoded are combined and a new decoding attempt

quired to access a common medium is of utmost importanggyerformed. Selection combining (SC), equal gain conmigjni

in today’s systems where bandwidth is scarce. Random accgsgc) or maximal-ratio combining (MRC) can be used as

(RA) was proposed first [1]/[2] to allow users to share @ombining technique, leading to remarkable gains. The main

common medium without coordination. Recent advances dpawback of ECRA is the requirement of perfect knowledge

RA show that high efficiency can be achieved [3]-[6]. In thesst the replicas position prior to decoding.

solutions, the transmitters send multiple copies of thaakets In this paper we propose a solution to the problem of

(called replicas). Each replica contains information dtthe |ocalizing the replicas position that does not need anyrvese

position of all its copies within a time slotted frame. At th&je|d in the header.

receiver side, via successive interference cancellatBi)( The rest of the paper is organized as follows. Sedfion II

potential collisions are resolved taking advantage of @i+ reyiews the ECRA protocol and its features. In Secfioh 11l we

cas position information. In_[7] it has been shown that joirresent the system model, the two phase detection technique

decoding on the collided packets can be attempted, regortghq we derive the interference-aware soft-correlatioaatin

to multiuser detection (MUD) techniques. The authors of [8}le. Sectior TV investigates ECRA adopting the derived de-

[9] elaborate the concept dfamelessslotted scheme, i.e. thetection techniques via Monte Carlo simulations and is feéd
duration of a frame is not a-priori fixed but the contentiogy the conclusions in Sectidn V.

ends when the throughput is maximized. Further evolutidns o
RA include the extension to multiple receiver scenariog [10
and to all-to-all broadcast transmission[11]. Identifizatof R _
replicas for slot synchronous RA schemes has been addressdeP' the sake of simplicity, in the following we assume each
in the works [12], [13], where a simple autocorrelation noeth USer attempting the transmission of one packet only. At the
has been adopted for identifying replicas of the same useriransmitter side each user serigor more) replicas of its
It was recently observed that time synchronicity can HeACket within its local VF of duratior’ second$ with the

abandoned while keeping similar protocol operations. 4 firyF Starttime only known at the transmitter. The delay betwee
attempt in this direction has been done with the contentiéfPlicas of the same user is chosen at random. An example

resolution ALOHA (CRA) protocol [[14]. Transmitters sendPf a possible received medium access control (MAC) signal is
shown in Figuré1l.
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Fig. 1. Example of collision pattern at the receiver in ECRAd of the corresponding SIC steps. During the first step, 3isecond replica - the only one
free from interference - is decoded and the information eanas well as the pointer to its replica are retrieved. Useasd 4 replicas are now free from
interference. In the second step second replica of usem be decoded. Its interference contribution togethen wié one of its twin can be now removed
from the received signal and first replica of ugeis now freed from interference. In stép user2 replicas can be decoded and removed from the received
signal. Finally in stept user4 replicas are decoded and removed from the received signal.

Il. SYSTEM MODEL

——————————————————————————————————————— I( 11
U
tet . I ,,,,,,,,,,,,,,, I ,,,,,,,,,,, e e Each user arranges its transmission within a VF of duration
T seconds where the VF are asynchronous among users. Each
F!g. 2. Residual collision pattern after SIC decoding foe #xample in \/F js divided in N, slots of duratiom\7’, so thaﬂ} = N,AT.
Figure[. Users transmit replicas of duratioff}, seconds within the VF.
Each replica is transmitted over, consecutive slots within
the VF and we have that a replica duration is a multiple

all replica positions of the decoded user are retrieved fro% the slot duration;, = n,AT'. Each replica is composed

the pointer field in the header. The packet is re-encoded, s modulated symbols an_d the symbo! duratlorﬂs so
re-modulated and his waveform is removed from all th&"s :,”PAT =Tp. Eac.h replica is transm_ﬂted starting from
identified positions. In this way, the interference caused & -slotllndex chosen ur_uformly at r.andom [ N, — p 1],
the second replica of usdris removed and this replica can"®ecting stgrtmg slot mdt,axes which lead to self-intesfece
be successfully decoded. Similarly, we are able to decoele f{"°"Y replicas of a user's packet.

packets of users to 4, while userss and6 cannot be decoded. An infinite user population generates traffic following a

. . . , Poisson process of intensify. The channel lodHG is mea-
User5 and 6 have both their replicas colliding with eachg, g iy packet arrivals per packet duration or’feseconds.

o_the(; gnd _SlC alone_(;]annot reS(k))I_vg thehcol_lisiorf\, as en}pnﬁ"contrast to CRA[[14] and the first version of ECRA [16],
sized in FigurdR. With SC combining, the interference- ) pointer field is required in the header for localizing the

samples from the replicas of usérare selected, creating,ojicas position. The first section of each replica is a sync
an enhanced observation of ugemacket. On it, decoding word composed by, binary symbolss = (so, ..., s )
sw = (80, e S —

is attempted and if successful, its interference contidbut .00 an users, with; € {—1,+1}fori = 0, ..., ngw—1.

is removed from the received signal. This would allow th?he sync word is then appended to the BPSK modulated
recovery of users too. Other Comb'”'“g t(_achmques, SUCPEiata part and sent through an additive white gaussian noise
MRC and EGC can also be applied, leading to remarkak GN) channel. The data part carries the actual infornmatio

gains in terms of throughpul[l7]. The main challenge fal, y,q redundancy introduced by a FEC code. The target
applying combining technigues is the need of performing tl‘é%\/
A

. . . o lication of this work is satellite communication linkbere
detection of the replicas and the identification of the us p

) g ) . "AWGN is a typical channel model extensively used.
which they belong to, prior to decoding. A possible way is Perf Li q h I K
to exploit the pointer field of the replicals [18], i.e. by er ect power control is assumed, so t at_a pa(f etg are
received with the same power. For a generic user’s signal
« Duplicating the pointer field in the header and trailer o?Oth frequgncy offs.ef and epocfr are modeled as uniform
each replica; random variables withf ~ U [— fimax; fmax] @nde ~ U [0; Ts).
. ' . i , e The frequency offset and epoch are common to a user's
« Protecting the pointer field with a specific low rate : .
forward error correction (FEC) code. packet, while they are independent across users. The random
phase offset is uniformly distributed betweérand 2r, i.e.
© ~U0;2m), and it is assumed to be independent replica by

Although viable, both options imply an increase in the pcoto replica. Assumingf,a.Ts < 1, the received signaj(t) after

overhead, which is critical in applications where the mgesa
length is short. We overcome this issue proposing a novel

approach that allows _deteCt_'on and localization of reglica 2the channel loa takes into consideration the net information transmit-
without the need of pointer field. ted, depurated from the number of replicas per uber



Virtual frame for User 1, duration T’

Fig. 3. Transmitted signals. Each user sends two replicatuftion7}, seconds that occupy time slots in the example.

matched filtering can be approximated as estimated prior to frame synchronization. Under the hypsith
m d that the test interval is aligned to a sync word, the epoch

y(t) = Z Zx(w (t — e — plwr) _ tgu))ej(wrf(“)tﬂo(“’”) estimation can be reliably performed using pilot-aftiesth-
nigues mutated from code synchronization algorithms used i

=1r=1
+ :L(t)r spread-spectrum communications, see €.d. [21] and refesen
therein. If the test window is not aligned with the sync wofd o
where, any user, we assume the epoch estimator returning a random
« ¢ is the usemn epoch; sampling offset, uniformly-distributed if0, 7). For each test
o T(7) is the u-th userr-th replica delay w.r.t. the asso-interval - similarly to [20] - the frame synchronizer has to
ciated VF start; decide among two hypothesis, i.e.
. té“) is the usern: delay w.r.t. the common reference time;
« f is the frequency offset for user, Ho:y=z+n
« o) is the phase offset for theth replica of usemn’s Hiiy=se?"" L24n

packet.

) o where the first hypothesis refers to the case of no sync
The signal for theu-th userz(*) is given by

word, while the second one refers to the case of sync word

ns—1 ) present. Heren = (no, ..., nsw—1) are samples of a discrete
2 (t) = Z a; " g(t —iTs). white Gaussian process with; ~ CA(0,20?) and z is the
i=0 interference contribution over the,,, observed samples.

Here, aE“) is the symbol sequence forming uses packet We adopt the threshold test

and g(t) = F~1{CR(f)} is the pulse shape, wherRr(f) 1) e .

is the frequency response of the raised cosine filter. The AP(y) = Z Yi Si

noise n(t) is given by n(t) = wv(t) * h(t), being v(t) =0

a white Gaussian process with single-sided power spectydhere decisiorD; corresponds to hypothesis and decision

density Ny andh(t) the matched filter (MF) impulse response], corresponds to hypothesiH, and the threshold\ is

h(t) =F~! {\/C—(f)} the discriminant between the two decision regions. We call

S = {m, 72, ...} the set of candidate replica starting positions,

i.e. the set containing the positions within the receiverdew

for which the test of ed.{1) output®;. The set of candidate
At the receiver side, the incoming signg(t) is sampled replica positions is the outcome of the first phase.

and input to the frame start detector. The receiver will efer  2) Replica Matching Phase:et us consider the first candi-

with a sliding window, similarly to[[15],[[19]. The decoderdate replica identified in the first phase. We denote itsistart

starts operating on the fir§t’ samples, withV the designed position asr;, with 7; € S. The focus is in finding a subset

window size. First it detects candidate replicas. S; C S containing the initial positions of bursts that are likely
1) Detection Phase:ln the first phase the non-coherenteplicas of the (hypothetical) burst starting in positign To

soft-correlation metric[[20] is used for identifying candido so, we define the following compatibility criterion:

dates replicas (see Figufe 4(a)). Within a receiver window, . o .

a threshold-based test is applied to each ofiffie- n., se- Defm_mon 1 (Compat|_b|I|ty _Cnte_non) A start positionr; € S

quences of.,., consecutive samples (referred in the followinds Said to be compatible with iff

as test intervals) to detect the presence of a sync word. We 7 =7 + kAT )

denote with

Dy
=5y (1)
Do

A. Detection and Decoding

Y = (Y0, Ynow—1) for some positive integek, ™ < 7 < WTs — AT.

the _Sequence O sanjple_s _On which f[he threshold test is_ 30bserve that the sync word can be effectively used as pilotfide timing
applied. Here, we are implicitly assuming that the epoch éstimation.
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(a) Non-coherent soft-correlator used for the detectiogasfdidates replicas.
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(b) Interference-aware soft-correlator used for the dieteof candidates replicas.
Fig. 4. The non-coherent soft-correlator and the interfeeeaware soft-correlator used for the detection of catdideplicas.
The setS; is hence formally defined as contribution. The interference term;, is modeled as/; ~

CN(0,02%). Furthermore, we assum€ to be constant for the
AL 3 — + YT )

St 2 {n € Sln=n+kAT ke LT} (3 entire test interval. The joint noise and interference dbut
The subses, contains the starting positions that are compafiion is given byn} = v; +n;, so thatn; ~ CA'(0, 07 + 20?).
ble (given the VF structure) withy, i.e., their associated burstThe approximate likelihood ratio test (LRT) is then obtaine

are likely replicas of the burst startlng at position by evaluating,
Denote withy(® = = (¥ (&) , ,y( _,) the ny samples of the
> ) ng 1(1) fY|7-L1 (Y|H1) Ly
received signal startmg in posmona within the window. For AV (y) = o A 2 Z A (5)
eachr; € §;, we compute the non-coherent correlation i (y[Ho)
na—1 where fy 3, (y|/H:) is the approximate distribution of the
A(2 Z yj1> [ } (4) random vectol = (Yp, ..., Yy, 1) under the hypothesit;.

For theH hypothesis we can write

Ngw — 1 12

1 vy

We order theAfi) in descending order and we mark the first F+202 6)

d — 1 as replicas of the same user. Py (1Ho) = H 7 (02 + 202)6
On these replicas we apply combining techniques as SC, =0

MRC or EGC. If decoding is successful, all the replicas affeor the?{,; hypothesis we can write

removed from the received signal. According$yis updated — . o sei 2

by removing the starting positions of the cancelled replica _ G

The process is iterated undlis empty, or if decoding fails for I (yIH 0) = H 0

all remaining candidates ifi. The channel decoder is assumed

to be capable of identifying unrecoverable errors with higWe definey; = y;/ (07 + 20?). Averaging [7) over, we find,

probabllltyﬁ Once no more packets can be decoded within

—————e¢
Pl (02 +202)

the window, the receiver window is shifted forward BV’ Mt 1 by
samples and | fe 61 = | [ —game 7
ples and the procedure starts again. Lo (02 +202)
A €
B. Hypothesis Testing, Interference-Aware Rule I < > s ) .
We derive here an advanced correlation rule, named, =0

which takes into consideration the presence of interferen&ubstituting equationEl(8) arid (6) in the expression of gguia
We resort to a Gaussian approximation of the interferen@® we get
1 I
2 9)
0

Ngw—1

5 i

4Error detection can be implemented either by using an intet@ghannel B
decoder or by concatenating an outer error detection code tve inner A(l)(y) — a1+2a
channel code.
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Fig. 5. ROC for the non-coherent and interference-aware-caofelation 0.9 —o— P, with A
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Taking the natural logarithm of both sides and making the use

of the approximationn(o(z)) = [z| —In /27|z| = |z| [20], Fig. 6. Detection probabilityP;, for a fixed threshold\* independent from
we can rework equatio](9) as th(e )channel traffic using\(!) and correct combining probabilitPcc with
A®),

Nsw —

i=0 whered = 2 (i.e., users transmi replicas of their packets).
where A = In()\). With respect to the non-coherent softThe detection probability’, has been defined in the previous
correlation rule of equatiofif1), we can observe tha i ¢fe) Subsection. We define the correct combining probabifigy:
correlation term is followed by a correction term that degren @s the probability that two replicas of a burst are correstly
on the sync word length and on the interference level. THcted for combining after the two-phase procedure. Otsliou

D1
Z A 10
02 4 202 p<0 ’ (10)

nSW

1
AW (y) = isi| —

latter is required to be estimated (See Figure]4(b)). Pco < P}, i.e., a necessary condition for correct combination
is the actual detection of the sync words associated with the
IV. NUMERICAL RESULTS two replicas, during the first phase. We select a fixed thidsho

A* equal for all the channel traffic values and we use the non-

X . i . . Boherent soft-correlation rule(). The threshold\* has been
derived in Section§ II-R anfLIIB in terms of receiver oper selected through numerical simulations. We show the result

ing characteristics (ROC). In the second part the perfomaarhgure[@ for a signal-to-noise ratio (SNR) Bt /Ny — 10 dB.

gf the_ EC?'AF] rece;yer n éermsb f.l.pro?ab'“ty of COIeClre discretization interval equals to one physical layekpt
;atectll_on Oft © rﬁp 'cas and pro ahl ity of correct conign duration, i.e.AT = T,,. Each packet is composed by a sync
of replicas from the same user is shown. word of ng,, = 32 symbols (as the one already presented)
and a total ofny, = 1000 BPSK antipodal modulated symbols
A. ROC Comparison (including the sync word symbols), the VF duration as well as
The performance of the two correlation rulés) andA(Y)  the window duratiori? T are 100 times the packet duration,
that can be adopted in the detection phase of the receiver opg = W1 = 1007},
ations are compared via Monte Carlo simulations. The compar Observe that the detection probability remains ab®¥&
ison is done in terms of ROC. The false alarm probabiftgy for all the channel trafficG values, up toG = 1.5. The
is defined asPr = Pr{A > \|#,}. The detection probability non-coherent soft-correlation rule'") is particularly robust
Pp is defined asPp = Pr{A > M H;}. We setfn,.x = to variations in the channel traffic, since the presentedltes
0.01/Ts. The aggregate signal is then summed with Gaussiare obtained for a single threshold val¥e which has been
noise. The selected; /Ny is FEs/No = 10 dB. A sync word kept constant for all the channel traffic values. For all ealu
of 32 bits of hexadecimal representati¢hACF FC1D} has of channel traffic simulated, the correct combining probgbi
been adopted, which results in,, = 32 symbols. is very close to the bouné?.
Results for channel traffic value = {0.5,1.5} are
presented in Figure]l5. As expected, the knowledge on the Spectral Efficiency

interference level exploited in the rulé™® leads to better . . .
. We compare the simulation results in terms of both spectral
ROC performance, regardless form the channel traffic con;

" i efficiency achieved by ECRA with MRC, after the two-phase
ditions. Nevertheless, the gain compared to the non—coherg . : .
. 1) o etection process described in Section 1lI-A. The proposed
correlation ruleA'Y) is rather limited. In general, both ruIesteChni Le is compared against the idealized case in which al
show good performance, witkp > 0.99 for Pr > 0.02 in q P 9

_ ) replicas positions are known to the receiver prior to degdi
the worst case (channel traffi¢ = 1.5) and for A™, We selectAT = T}, and again the window duration &; =

) ) ) WTs = 100T,. Perfect channel state information (CSI) at the
B. ECRA Detection and Replicas Coupling Performance  receijver is assumed for enabling MRC.
We present here the results for the detection and correciVe adopt the non-coherent soft-correlation rifé) and a
combining probabilities. We focus in the particular sajtinfixed threshold kept constant, regardless the channel tbad

We first compare the two non-coherent soft-correlationsrul
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Fig. 7. Spectral efficiency of ECRA-MRC with the proposed tpbase
detection and combining technique compared to the ideal ZRIRC.

(7]
All replicas are received with equal powels /Ny = 2 dB. A
capacity achieving code adopting a Gaussian codebook WLIE
rate R = 1 is assumed, so that if the mutual information at th
output of the combiner exceeds the rd&tethen the packet is
considered to be successfully decoded. Further refinensénts!®!
the decoding model can be adopted following a realistic pack
loss rate (PLR) performance of a specific code for examp[&0]
Nonetheless, for the present work such a model is sufficient
to show the goodness of the detection and identificatipn;
approach. The maximum number of SIC iterations is sébto
SIC is assumed ideal. That is, if the position of both reglica
of one user is known at the receiver, MRC is applied and (i
the packet can be decoded its interference contributionlis f
removed from the received signal.

In Figure[T, the spectral efficiency results for the propos
two phase detection and combining technique (called ECRA-
MRC in the legend) and the ideal ECRA-MRC where all the
replica positions is known at the receiver are presented. Tfiy
proposed technique is close to the performance of the ideal
case. The maximum spectral efficiency exceeds b/s/Hz, [15]
which is only 8% less than the maximum spectral efficiency
of the ideal case.

V. CONCLUSION [16]

A solution for localizing candidate replicas and combinﬁ17
them prior to decoding is presented. In the asynchrono g
random access protocol ECRA, it allows the exploitation of
combining technigues as MRC. A two phase approach is

; : . . o . 18]
proposed. First candidate replicas are identified using the
known sync word. Non-coherent soft-correlation is adopted
as baseline metric and an interference-aware soft-ctioela
rule is derived. The latter can be adopted when the interf&rs!
ence power on the sync word can be estimated. Numerical
results have shown that already the simple non-coherefat S?ZfO]
correlation metric is sufficient to guarantee the detectibn
most replicas. For example, up 1@0.5% of replicas can [21]
be detected for a channel load & = 1 b/s/Hz. In the
second phase, the entire candidate replica signal is éegltw
compute the non-coherent soft-correlation metric agaimest
other candidates.
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