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Abstract—This paper studies the value of allowing multiple network made up of many randomly placggmmetrianultiple-
transmitters to share all of the available bandwidth to conairrently  access clusters. Each cluster consists of a receiver aseltits
transmit to a single receiver with multi-packet decoding cpability. equidistant transmitters. As a first step towards undeditgn

While such coordination can be bandwidth-efficient, it increases .
the density of interferers when many such multiple-accesdusters the trade-off described above, we compare the local thipuigh

exist in the network. On the other hand, orthogonal schemesugh S€€n on a set of typical links. The coordinated transmission
as FDMA may not be as bandwidth-efficient but operate at lower scheme we study is inspired by the capacity-achieving sehem
interferer densities due to orthogonalization. We take thdirst step  for a symmetric Gaussian MAC (GMAC). Combining ana-
towards understanding this trade-off. In particular, we analyze |ytical and numerical approaches, we find that for a given
equidistant transmitters sending data using a coordinatio scheme o . . .

based on the optimum strategy for a Gaussian multiple access transmlss.|0n rate, this scheme c_an provide m(.)dest. gains ove
channel. In terms of the throughputs seen in a typica| cluste FDMA without power concentration for small link distances.
in a Poisson network, this form of coordination has little or no The increased interference from coordinated transmissiso

benefit when compared to FDMA. We also find that the increased degrades the performance of the low-complexity successive
interference due to multiple coordinated transmissions rduces the decoding strategy.

efficacy of successive decoding.
Il. SYSTEM MODEL

A. Network Geometry
Traditional scheduling algorithms assume a simple colisi  The set of receivers forms a unit intensity homogeneous

model to activate links. As a result, in a given time-slot 0b,isson Point Process (PP@) = {z;} on R2. For each

frequency band, no more than one transmitter can commenical aivers:. € @, we placek transmittelrs marked. 2. K

with a given receiver. This restriction, however, can bexet respectivély atr, frg ko= 1,2... K, where T"k "are iid
) K3 R - ) Sy ’ 3

for those receivers capable of multi-packet decoding (MP}qom variables (in both and k) drawn from a distribution
of transmissions from an intendecluster of transmitters. r e transmitter marked in a cluster is called the:th

Such receivers can be built, for example, by receive MIMQansmitter or user in the cluster. Denote the transmitsitewi
processing [1], or by successive/joint decoding of COMENAT f the 1th node attached to receiver nageby a binary variable
transmissions. o tie. Thus the set of transmitter®, is a clustered Poisson
When many such_MPD-capabIe_ nodes.eX|st in a network, tBFbcess [4] formed by the union df unit-intensity, marked
problem of scheduling becomes interesting. In [2] the auih%omogeneous Ppﬁsgk) — (it ktah k=1,2,.. K

study a random scheduling algorithm with MPD-capable nodeig1 this paper, we assunie,;| = r is known. We label the nodes
While interesting, their packet reception model does nodleho in thetypicaf clusterby {f) S1,S2,...,Sx}, whereD is the

interference f_rom transmitters communicating to other MPDRoceiver node located at the origin afig is the k™ typical
capable receivers. ) _transmitter or user in the cluster locatedrg). For ease of
A more reahspc model fo_r an ad hoc setting needs to IRy position we derive results fdk = 2.
corporate such inter-cluster interference which in turpeshels o
on network geometry. When these inter-cluster interastme B. Communication Model
factored in, the multiple-access scheme that each tramsmit 1) Medium AccessWe assume packet queues at all trans-
cluster adopts locally can have a network-wide impact in thmitters are backlogged to ensure their participation in iomad
form of interference. In a scheme such as Frequency Divisiaacess. We extend conventional single-node ALOHA to trans-
Multiple Access (FDMA), transmissions within each clustemitters within a cluster, which we term atuster-ALOHA(c-
are orthogonalized, albeit at the cost of poorer bandwid®LOHA). The marks for each transmit cluster are drawn from a
efficiency. However, coordinated transmissions improve tltommonK —dimensional joint distribution, independently from
bandwidth reuse within a cluster at the cost of increasimg tbther clusters. The mark of thé" transmitter in each cluster
overall density of interferers. Consequently, unlike inimgle  has a marginal distribution which is Bernoulli with parasret
multiple-access cluster, the benefits of coordinated tnésson  p;.
are not clear. A special case is when all links in a cluster are scheduled
We compare orthogonal and coordinated transmission insinultaneously, i.e.t;;, = ¢; with some probabilityp. We call
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this Joint c-ALOHA. For orthogonal multiple access, the cB. Coordinated Multiple Access
ALOHA protocol decouples into a set éf independent single- 1) Coordinated Multiple Access in a Single Cluster Network:

node ALOHA protocols. We use a scheme inspired by the capacity-achieving schame fo

2) Packet Tr.ansmission:'l'ransmitters have a unit average, two-user symmetric GMAC [3] with single-user threshéld
power constraint per degree of freedom and use Gaussi{k scheme has two modes:

signaling. The noise psd at each receiveNis(in W/Hz). The
path-loss follows a power law with exponent> 2. The fading
between any two nodes is iid block Rayleigh fading in time and
flat fading in frequency. Each receiver has full CSI from &l i
intended transmitters. We further assume that transmittave

1) Single-User Mode: Only one of the two users transmits
at a rateC'(6).

2) Coordinated Mode: The transmitters communicate using
the entire bandwidth, using the rate pairs

no CSIlan_d do not use power control. All cIus@ers use a common M. = (C6),C(0/(1+0))) (4)
transmission scheme, the parameters of which are fixedglurin ,

~ Packet transmissions are slotted and encoding and decod- e will call the user transmitting at the single-user rate
ing are done on a per-slot basis, and immediate error-freé  as thefull-rate userand the low-rate user as tioserlaid
ACK/NACK is available (i.e., we adopt a per-slot outagedshs user

model). The number of channel uses during each time sIotAi% other operating point can be obtained by time-sharin
large enough to permit the use of information-theoreticltes y P gp y 9

Each receiver treats inter-cluster interference as nwoibgh is between these points. A procedure of practical interest is

optimum in the sum-rate sense for the weak-interferendeneeg Successive Decoding (SD), that achieves capacity for GMAC
[5] [3]. The receiver decodes the message encoded at the lowest

rate first. If unsuccessful, an error is declared. Else tlveded

bits are re-encoded, and their contribution to the recgivin
[Il. M ULTIPLE ACCESSSTRATEGIES signal is removed. The message with the next lowest rate is

decoded next, until messages from all users are decoded. It

~When userk is assigned the entire bandwidth, it commuUg 5150 known that this is a capacity-achieving strategyaor
nicates using a capacity-achieving single-user AWGN cBanry- _,car GMAC.

code with an SNR thresholél, which we call thesingle-user

threshold
A. Orthogonal Multiple Access g Mé
‘ g P T e e
Users transmit in non-overlapping time slots (TDMA) or 2 Mg’\
frequency bands (FDMA). This partition is common throughou é’
the network. Without loss of generality, we assume FDMA- 2 N\
type multiple access, with a bandwidth partitign, } = ;. If g
transmitters marked use ALOHA with transmit probability N AN
pr and encode their packets using a channel code with SNR o M o\’
thresholdfy, the transmission rat&;, packet success proba- o 1 x\ 1
bility ps » and the local throughpf; at the typical cluster are, N

respectively, defined as User 1 Transmission Rate

R, 2 C’(ék) (1) Figure 1: Transmission rates chosen for coordinated neltipcess.
N ~ The hollow circles represent the single-user mode. For tloedinated

psk = P(SINRg,—.p > 0) 2 mode, we show the transmission rate-pairs chosen for a netwith
T, 2 PrDs.k Ri (3) just one cluster (black circles), and with many clustexs-marks).

The dashed line represents the set of effective transmissites

. ~ achievable by time-sharing among adjacent points.
whereC'(z) = log(1+ ) for z > 0. Note that in generaly, is

a function of usek’s bandwidthu,. We study two approaches: 2y Coordinated Medium Access in a Network with Many
1) Naive FDMA, where all transmitters transmit with unitClusters: We will capture the essence of the above scheme—
power spectral density (psd) in their allotted band arffiat of overlaid transmission and successive decoding-eto d
use Gaussian codes with the single-user threshold  vise a scheme in a network with many clusters. As before, it
2) FDMA with Power Concentration (PC-FDMA), wherehas two modes:
transmitters marked: boost their psd in their allotted 1) Single-User Mode: Only one user per cluster transmits
band tol /u; and use a Gaussian channel code with SNR  ysing a code with SNR threshofd The single-user mode

thresholdd /u,. for the k' user corresponds to FDMA with;, = 1.
We use subscripts andpc respectively for naive FDMA and 2) Coordinated Mode:
PC-FDMA for the parameters defined in (1)-(3). Additionally a) Corner Point 1: User 2 is the overlaid user. User 1

for K =2, letu; =u andus =1 — w. is called thehigh-rateuser.M; = (C(&1), C(&2)).



b) Corner Point 2: User 1 is the overlaid user. User @ncoordinated transmissions, naive FDMA can outperform PC
is the high-rate usedMs = (C(&2), C(&1)). FDMA in average throughput at small bandwidth allocations,
As before, any other operating point can be obtained by tim@s shown in Corollary 2 below.

sharing between these points. When every cluster Ope”ate%;brollary 2. For any transmit probabilitieg? and pP° chosen

the coordinated mode, there will be a greater spatial densh naive FDMA and PC-FDMA respectively, there exists a
of interferers resulting in a higher level of interferentinlike ui, > 0 such thatT? > TP for u < u.

in the single-cluster case, single-user and coordinatedesio
operate at different levels of interference. This differ@rin Proof: Using the expressions for success probabilities from
the chosen transmission rates shown in Fig. 1. Proposition 1 in the throughput expression (3) we can wate f
We thus pose the question: Given a channel access medhux > 0 9 e s
anism across clusters, what is the throughput on each typica Ty - exp(yr°(py u”°))
link S, — D, for k = 1,2 in the coordinated mode? Without TP C(0y Jug)
gfséoé?gr;egl|t£ évzaga)nalyze the first corner pdiit where Sincelimy, o TP/TF° = oo, Jul > 0 such thatl} /TP > 1
1 L) 2t2 2/ . . . Yur < uj. |
If D adopts the SD procedure at this operating point, user k )
2 (the overlaid user) is decoded first before decoding user 1Corollary 2 also holds for the respective throughput-

Thus at the typical receiveb, the packet success probabiliyaximizing transmit probabilities;; andp;“. As a result, for -
from S, is fixed link distances and single-user theresholds, therstexi

u* = ming u} for all classes of transmitters, where a Pareto
pSa = P(SINRg,_p > &). (6) improvement is possible if transmitters mark&dswitch to
naive FDMA from PC-FDMA. Intuitively, this happens because
at small;, PC-FDMA concentrates power in a very small band
and allocates a correspondingly large transmission rdtéR'S
PS1 2 qfapis, (7) threshold) for this band. When thresholds become too large,

outage events become frequent enough to negate the benefit of

vv.hereqﬁ2 is the conditiongl success prot_)ability for decodingsing a higher spectral efficiency. The average throughgauts
high-rate user’s packets given that overlaid user's packave 0w be evaluated from the definition A3).

been decoded correctly.

If decoded correctly, the packets fram are decoded. There-
fore

B. Coordinated Multiple Access

IV.  AVERAGE THROUGHPUT 1) Co-location Approximation:The interferencel at the
A. Orthogonal Multiple Access typical receiver due to transmitters do not belong to théchlp

With orthogonal multiple access, the interference povyer Cluster isD is
i i ing itgkth
at the typical receiveD when decoding its:*™" userS, be I = Z Z tiwgir(zi + i) P (11)
written as =
5 @, \{rox,k,1}

I = Z tingin (i +1rie) " (8 Thus different from (8) the interferers form cdusteredpoint

i€ @M\ {rork.1} processd, = qu)gk). To retain the analytical simplicity of
where {g;1} is a set of iidexp(1) random variables from OUr treatment and yet gain |n§|ght into the effec} of inceglas
Rayleigh fading. Since the Poisson property is unchangi{erference, we restrict our discussion to a regime whieee t
by this conditioning of the typical transmitter's locationntra-cluster transmitter node separation is small coegpdo
(Slivnyak’s theorem, see [4]), we can apply well-known fesu the average distance between receiver nodes pf the_ network
[6] to derive the packet success probabilities. (which is 1/2v/A for a homogeneous PPP of intensily.

- o . . Here each transmitter cluster can be approximated by aesingl
Proposition 1. (Success Probabilities with naive FDMA, PCmulti-antenna virtual transmitter node located at an eatily
FDMAz. For atrans_mlt probabilityy, the success probab|I|_t|es chosen transmitter (say; + ;1) in the cluster. The antenna
P2 1Phy, and for naive FDMA, PC-FDMA and are respectiveliseparation at this virtual node is assumed to be sufficient to

create independent fading paths. The resulting trangnpittiet

n — _ 2 _ g8 . . S L
Pop = exp(=pryr® —0r"No) ©) process is thus a homogeneous PPP with unit intensity firegul
P2 = exp(—pruy, *yr® — 0r° No) (10) in the approximation
fork=1,2,622/3 and _
/5 I =~ Z t; (ng) (z; +1i1) ﬁ, (12)
v £ wT(146)0(1—9). M\ {ro1,1,1} k

Proof: Readily obtained by specializing (2) to a homogeassuming joint c-ALOHA. Although co-location of transneits
neous PPP (see e.qg., [6], [7]). B captures the increase in interference from concurrensinés:
Comparing PC-FDMA and naive FDMA, we find that in-sions, it does not precisely capture its effect in the vigimf
terference limits the benefits of power concentration. Ict faeach interferer cluster where the geometry of interfereteso
for homogeneous Poisson-distributed transmitter nodel walso becomes important. This limits the utility of the cadtion



approximation in a more general case. In the next subsectibirm1 can be expressed as

we use this approximation to derive packet success pratiedil oo

for coordinated transmission with Joint c-ALOHA. A numeatic ~ Term1 = / P(gor=" > &y + 2)) exp(—yr?)rPdy,
3

validation of this approximation is presented in Sectioi\ V-

(see Fig. 2) _ _ ~ since g1 P is exp(r?). But g ~ exp(1), so the integrand
. 2) Success Probabilities using the Co-location Approximgeduces texp(—&r? (y+x)). Combining the two exponentials
tion: in y we obtain

Proposition 3. (Success Probability with Coordinated Trans- 3 5.\ 8
missions and c-ALOHA). If every cluster operates at the first Terml = exp(—&or x)/g exp(—(1+&)ry)r’dy
corner pointM; for Joint c-ALOHA with transmit probability B N 8

p, the success probabilities (6) and (7) at the typical reeeiv = exp(=(&2 + & + &) x).

are respectively L+&

Plugging this result into the first step (15) yields

1T

oo

e exp(=pyar® — &rPNo)
Dso = 114 (13) o Li(e+ &+ &&)rP)
> s, 1 — .
e exp(=pnr? — (& + & + &&)rP No) 1+&
Psp = 1+6& (14) Since @, is well approximated by a homogeneous PPP with

N N intensity p, we get (14). ]
wherey; = [b(0, DIT(2 + (1 = 8)(&1 + &2 + &162)°, 72 =
16(0, 1)|T'(2 + §)T(1 — 6)&S. V. NUMERICAL RESULTS

Proof: Supposey;, (k = 1,2) denote the fading gains fromA' Validating the Co-location Approximation

each of the typical transmitters. Recall from (7) that Suppose transmitter orientations are uniformly random rel
ative to their intended receivers. Clearly, conditionedtbe
psa = P(SINRs,.p > &) location of one transmitter (at a distance = r), its partner
-8 transmitter is located uniformly randomly inside a ball aflius
= < 927 > §2> . 2r centered at its location. In general if an angular spread of
9177 + Ip,\ (51,853 + No — ,

w < m is permitted between the transmitter orientations within

Sinceg, ~ exp(1), using standard arguments (see e.g., [6] fé¥ cIl_Jster (i.e., the orientations are Ionger_iid),.the radifithis
Sing|e_user decoding) we can show tm@E can be written as ba” |S- 2r Sln(u)/2). The CO-|Oca_tI0n appI‘OXImatIOI_’l assumes that
the Laplace transform evaluatedéat” of the sum distribution the distance between transmitters in a cluster is small, )
of the three denominator terms. Given that these random vari 10 Validate the approximation, we create reahzau_on@ﬁ ,
ables are mutually independent, the Laplace transformesf thWith unit intensity without loss of generality. We fix a small
sum distribution is the product of the Laplace transformghef link distancer < 0.5 and anw. Centered at each point in this
marginal distributions. The latter are known to be respetti Process, we place the point markedniformly randomly inside
a ball of a radiu®2rsin(w/2). These latter points correspond
1(s) = ST o the second transmitter point proc .
L1(s) 1/1+srF to th dt tt t )
Lo(s) = exp(—mpE[RSD(1 —6)s°) For each realization, we measure the interference at tgaori
La(s) = exp(—sNo) using the exact locations from (11) and from the approxiomati
3 P 0/ (12), and compare the empirical complementary (cumulgative

whereh, is the fading variable representing Nakagami-2 fadlistribution functions (CCDFs) of interference for botrese
ing. Using the properties of gamma functions it is easy taxsh@@ses. Some results are shown in Fig. 2+for 0.1,w =
thatE[h$] = T'(2+6). Settings = & we get (13). From (6) (independent orientations). We find that the approximaitica
we know thatpS | = ¢§,p¢ 5. Writing T = Ip,\ (51,50} + No, good fit as long ag remains much smaller than the distance

we expand this using Bayes' rule as the joint probability ~ scale1/2v/A of the network.
gir—P gor B B. Comparing Orthogonal and Coordinated Transmission
pg,l = P( — > & ~2§2)-

i TgirB 1 We present numerical results to gain insights into the tesul
} presented in Section IV. Due to space limitations we discuss
Utilizing the mutual independence @f, g» and I, the right only the interference-limited regimeVy — 0). We study a
hand side can be expressed as system of two-user symmetric multiple-access clusteris livik
. distancer = 0.05,0.1 («0.5) for two values of a single-user
/ P(gor ™" > &(qir P + 2), qur P > Ga) dP(I < ). thresholdd = 0dB. The path-loss exponerit = 3. For the
0 coordination scheme we Igf = 6 and& =0/(1 + 9).
(15) We use the throughput maximizing transmit probability for
both users for FDMA. Using results from Proposition 1 in

1For coordinated transmission with® users, this can be generalized to(3)* the optimum t_ransr_nit probability imin(l,ail), where
E[h%;] = I'(K + ) (Nakagami-K fading). a depends on the link distance, the path-loss exponent and the

Term1
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Figure 2: CCDF with and without Co-location Approximaticor f = Figure 4: Average Link Throughputs fér= 0dB, r» = 0.1.

0.1, w=m A=1.

. &0dBre00SAcL tance reduces the received SIR, worsening the error prtipaga
"""""" *. problem. We find this in Figs. 3 and 4. Even with perfect SD,
N ' ‘ for a wide range of throughputs there is a Pareto improvement
. by switching to PC-FDMA, i.e., trading bandwidth efficiency
. for lower interferer density is beneficial.
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e ‘ VI. CONCLUSION

Yo We have studied orthogonal multiple access and a coor-
b dinated scheme inspired by the capacity-optimal scheme for
the two-user Gaussian symmetric multiple access chanreel in
network consisting of randomly placed multiple-accesstelts.
Even without error propagation, increased interferencenfr
I Igzz:g::::g:::z:::g:Ezze) network-wide coordinated transmissions degrades theoperf
—0—PC-FOMA mance of this coordinated scheme compared to the single-
o 01 0z 03 o4 05 05 o7 08 05 " cluster case; increased interference also reduces theasffic
Average Throughput to User 1 of successive decoding strategy. Thus in terms of average

link throughput, orthogonal schemes are a competitivegtesi
Figure 3: Average Link Throughputs fér= 0dB, » = 0.05. option.
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