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Abstract— In this paper, we develop a new class of medium In this paper, we develop a new class of MAC protocol
access control protocol, which allows each user to transmiét by applying a SIC based approach at the MAC layer. The
different data rates chosen randomly from an appropriately MPR model in [3], [4] is generalized by allowing each user

determined set of rates. By using successive interferencarcel- to t it at diff t dat t h domlv f
lation, multiple packets can be received simultaneouslyn slotted 1@ ransmit at difierent data rates chosen randomly irom an

Aloha type Gaussian networks, we show that the achievable tl ~ appropriately determined set of rates. In each time slath ea
throughput of the proposed protocol is at least a constant faction  user transmits a packet at a randomly chosen data rate. By usi
of the mac sum rate when the number of transmission rates at S|C [5], multiple packets can be received simultaneously.
each node is equal to the number of users in the network. We &s |, gjotted Aloha type networks with Gaussian channels, we
study the case when only a limited number of transmission ras . T
is available at each node. Extension to rate splitting is dissed. show tha.t the achleva!ale sum rate of the new prqtocol using
Simulation results show that the proposed protocol can acleve a decentralized control is at least a constant fraction ot tha
significant throughput gain over the conventional Aloha. achievable by using centralized control, i.&Jog(1+2£),
| INTRODUCTION 0<C<«1, Whergc can be interpreted as the distributive Ioss_
) : ) due to contention and lack of cooperation between users. Thi
The medium access control (MAC) layer decides when comesult suggests that the total throughput increases Withs
peting nodes may access the shared medium. Different fremposed to Aloha where the total throughput decreases with
schedule-based medium access requiring a central aythorit, Finally, we consider extension to rate splitting [6]. Rate
contention based MAC by using e.g., random access, iSsglitting has been applied to Aloha in [7], [8]. We propose
distributed strategy to access and share the medium, whichyinew class of rate splitting algorithm which generalizeat th
popular in wireless networks. The MAC layer is traditiogalljn [8]. It is also shown to improve the achievable throughput
designed separately from the physical layer. Most conveati Our simulation results support our analysis and show that th

random access protocols such as Aloha [1] and carrier sepggposed protocol achieves a significant throughput gager ov
multiple access (CSMA) [2] assume simple collision modelgonventional Aloha in Aloha type networks.

where the channel is noiseless, and reception failure isethu
by collisions among users. Though the analysis and proto- 1. A MOTIVATING EXAMPLE

col design are simple in the collision model, the maximum \ye first consider a simple example to motivate this new MAC
achievable throughput of this model is limited. With more, qel. There areV—=2 users in the network. where usés
sophisticated physical layer approaches, simultane@epten C{ransmitted signal isY;, i=1,2. Both users are saturated, i.e.,

of multiple packets is possible, for example, by using codRey aiways have packets to send. The received signal at the
division multiple access (CDMA) and multiuser detection. lpo<a station is

order to represent such random access systems, a model for a _

channel with multipacket reception capability (MPR) witk i V=X Xt W, @)
stability property has been developed in [3]. A decentedliz where the average power df;, i=1,2 is P and the additive
MAC protocol is proposed in [4]. In these work [3], [4], it iswhite Gaussian noise (AWGNY is of zero mean and variance
shown that the achievable throughput by using MPR is highg?. Let S; be the data sending rate of userFrom [5], the

than that by using Aloha. capacity region of the multiple access channel (1) is
In MPR, each node transmits only at a single rate. On the 1
other hand, in a multiple access system withusers and one S1<I(X1;Y[X2)=35log (1+§)7
base station, this system can be considered to be a multiple 1 p
access channel (mac) [5]. If each user transmits with pdwer Sa <I(X2;Y|X1)=§log (1+—2)7 (2)
and the noise power at the base statiorris the maximum 7
information theoretic sum rate of all users %&t_og.(l—i—%), - SI+SQ<I(X17X2;Y):%10g (1+g>7
which can be achieved with multirate transmission capgbili 7
and successive interference cancelation (SIC). where I(X:;Y) is the mutual information between random
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first, treating user 1's signal as noise. The base station caith P,=P andh;=1, Vie{1,...,N}. LetS; be the data rate of
then subtract the decoded signal frorh and decode user useri. From [5], the capacity region of mac with a centralized
1's signal. This is called successive interference catioela controller is

Similarly, corner point C can be achieved. The points onitie | Zsigj(x(u);mx(uc)),vug{1727... N1, 9)
connecting B and C can be achieved by time sharing between icu
B and C or by using rate splitting [6]. for some product distributiop (z1)p2(z2)---pn(zxn), Where

Using Aloha, we assume that each user transmits at raf€z/)={X,:icl{} and {¢ denotes the complement &f in
log (144 ) with probability p and remains idle with prob- {1,2,....N}. The capacity region (9) constitutes a polytope,

ability 1—p. The achievable sum rate of Aloha is which containsV! corner points. Each corner point corresponds
R () =p(1—p)log [ 1+ P 3) to a permutationr of the N users. The receiver decodes using

Aloha PJ=PLETP)O8 T3 ) SIC. Userx(i) is decoded by treating userg1),...,m(i—1)

whose maximum is attained gt 1. The maximum achievable 8 noise. After decoding, the contribution of usef) in Y

throughput is is removed. The process continues until usét)’'s packet
. 1 P is decoded. The maximum achievable sum rate with a central

Ralona=7log (“’;)- 4 controller is
To achieve the maximum sum rafe._,,,. without using RC,,,,aC(N):llog (1+N—5). (10)
time sharing or rate splitting, the two users should operate 2 g

cooperatively at corner point B or C, i.e., one of the useuiho As in Section II, users want to reach a corner point distribut

transmit at ratelh:%log(l—l-%) and the other one transmits€dly to attain the maximum sum rate. In our multiple access
g AC, we assume that each user is capable of transmitting at

at rateR2:%10g$+ #). Without coordination, each Usery,. of &' rates. where thé-th rate is
transmits at rateR; with probability p and at rateR, with 1 P
probability 1—p. When both users transmit at raf&, the rate Rk:§10g(1+m) k=1,...,N. (11)

pair is outside the capacity region (2). Thus, the receigenot
decode both packets. In all other cases, by using SIC, b

users’ packets can be decoded. The average achievableyratg' erent rate from{ Ry:k=1,...,N}, a comer pointis attal_ned.
using the decentralized mac is Let n; be the number of users that transmit at r&te Using

_ 2 SIC, the packets of rat®; can be decoded if and only if the
Rflfm“(p_)_?(Rl+R2)p(1_p)+2R2(1_p) ' . ®) packets or1)‘ rate less thaRy, are decoded correctly so tr?lat their
Rinac—sic is maximized wherp:%f? and the maximum contribution can be cancelled frofn, and the number of users
throughput is ) transmitting at rate greater than or equaltg is at mostk,
M>1(R1+32). ) i.e.,> ] _,m<j, j=k,... N, because from (11) the user Af,
2Fn 2 can tolerate interference levét—1)P. It can be shown that
1 using the set of rates (11) is optimal over all possible séts o
Rcfmac>R37mac>ERcfmacv Ri_mac>Raloha- (7) rates when rate splitting is not used and all users adopt the

Therefore, the proposed new MAC protocol can achieve $RMe transmission strategy. _ _
least50% of the throughput using a centralized controller and W& can use pseudo random variables with random seeds
its throughput is always greater than Aloha. It can be sho/fy choose the transmission rate at each node, so that with
that the proposed strategy is actually optimal over all jbbess the random se_ed each receiver knows each user's transmissio
transmission strategies when rate splitting is not usedbatia "at€ at each time slot. This reduces the decoding complexity
users adopt the same transmission strategy for faimess. 0 O(/V) since each receiver knows the order in which to
Note that using the MPR model both users randomly attenﬂ)‘?COde ;he users. In_ the abse_nce of random seeds or other side
to transmit at a single fixed rate. When both users transmit/formation the receiver can first attempt to decode the #we
Ry, the MPR model reduces to Aloha. When the ratisthe ate packets for each source, which has complexity ). After
two users can transmit simultaneously. However, the aahiev cancelling the contribution of decoded signal from the nes
throughput is less than Aloha wheR>o?2. Therefore, by signal, the receiver tries to decode the second lowest rate
enabling multirate data transmission at each node and usRffKets for each source. The process repeats until the25111|ghe
SIC, the proposed protocol outperforms both Aloha and MPRI€ iS reached. The total complexity is proportionalXaV=).

and has comparable performance with a centralized coetrolll Ne receiver does not need to know different transmitters’
sending rates.

te thatzglek:RC,mac(N). When each user chooses a

*
Rdfmac =

We thus have

IIl. MuULTIPLE ACCESSMAC IN ALOHA TYPE NETWORKS
A. MAC on AWGN mac

Let X; be the transmitted signal by usérand Y be the
signal received by the receiver. We use the model
N

B. Achievable Results

In this subsection, we study the average achievable through
put of our model using the set of transmission rates
(11) and compare it wWithR._mac(N) in (10). Let S_;=

Y:ZhiXﬁW, ®) (S1,---,5-1,5+1,...,5~) be the state of all the nodes other
i=1 than nodei, whereS; is the transmission rate of nodeThe
where the power of useris P, and the AWGNW is of zero average throughput of the network attained by the disteitbut
mean and variance?. We first consider a homogenous systermac strategy is



N (@) Given py, by using these two recurrences (15) and (16), we
Ra—mac(N)=EQ{ Y biSi ¢ = NE{biSi}=NEs_ {E{b:Si|S-1}} can evaluate the throughput efficiently by first creatingldeta
=t for 7,5 using (16) and then using (15) to compute which
enables fast computation of achievable rate.
(12) To find the maximum achievable asymptotic rate of the pro-
N ; posed s(ch)eme,( W§ ?eed tohfind tr;]e ﬁptimﬁlbg maxitr)nizing
_ P 4o Ri—mac(N) in (12) for eachN, which is hard to obtain in
N;kak Z Pr (;nlg] LJ kN) closed form. Instead, we find a lower bound &3 ,ac(N)
by choosing a suboptimal,. We have the following theorem.
ak Theorem 1: The maximum achievable sum rate by using
where(a) is due to symmetryh; €{0,1} is an indicator whether distributed mac and the set of rates in (11)A§_mac(N)=
useri’s packet is decoded correctly at the receiver=n,—1, © (log(1+25)). Furthermore, there exists a constafit-0
andn}=n, for I#k denote the number of users transmitting &UCch thatRa_mac(N)=CRe—mac(N).
rate R; other than usei. Note that (12) only requires that Proof: We considepy, =52+, k=1,....N—1 andpn=1-q,
packets with rate less thaR, are decoded, where packetgvhere0<a<1 is a constant to be determined later. Note that
with rate higher thanR, may be decoded incorrectly. Letgv=1 and

_ k ’ : ke k—1
mr=y_,_,n;. We can writeg, as - N_1 z:lp» o (k,_l)kflakil an
( N-1 ) n; (Zpl> k—1 et J TR =T =) .
/ =1

N
ZNZkakZPT(biIH(SiZRqu)Pr(S,Z—)
k=1 s

/ ’
Ny n'y

k= Z ﬁ by

. , A\ Ry g5y 2 13 -
T i =k (13) " Wwhere we have used the fact that, <1 and %QN—
i e 1)*=1. Applying induction on (15), we can obtain
Givenpy, it is complex to compute,, through (13). To circum- q1>1_§: (k—1)F1 a’“*1>1—§ﬁa’“ 18)
vent this problem, we find a recursive relationship betwgen - = (k-1 k! ‘

andg,_1. Let A, denote the event that the rates of all users 0o kF K .
excluding user are such that if were to send at rat&,, its |0 Show the convergence of the serfés ] by a*, we use ratio
packets would be decoded correctly. Thenget Pr(A,,). By €St which needs to compute

the total probability theorem, we obtain L— lim (k+D)F k_!a,k
Pr(Ap)=Pr(Ap|Ap_1)Pr(As_1)+Pr(Ax|Af ) Pr(AS_,). (14) koo (k+1)! K

Given S_;, if S;=R;_; and useri’s packet can be decodedTherefore, if L<1 or a<e !, >, ]Z—Tak converges to a
at the receiver, wherS;=R;, user i’s packet can still be numberB(a). It is easy to see that;(0)=0 and B(«a) is
decoded becaus&; <Ry_1, which gives Pr(Ag|A,_,)=1. @ continuous and increasing function in Therefore, there
On the other handA,NA¢_, means that if usei were to exists a threshold, such thatB(a)<1 whenO<a<+~. Note
send at rate;, its packets would be decoded correctly but ithat g1 <g><--<gy and py>py, k=1,....,N—1 when N\ is
packets cannot be decoded if it were to send atRate,. This large. Thus, we have

=ae. (29)

event occurs if and only if among the remaining—1 users & &
. o ’ Ra—mac(N)=N Ri.>a(l1-B R
k—1 of them transmit at rate above, so that transmitting at d (N) ;pqu k> (a))kz:l & o0
Ry, is admissible but not ak,_1, N—k of them transmit at o NP
rate belowR;,, and theN —k users’ packets can be decoded =5 (1-B(a))log (H?)-

correctly. Lety; , denote the probability thgtgiven users each \we can find the optimak by maximizinga(1—B(«)), which
transmits at rate less than or equalitp and their packets can js the solution of

be decoded correctly at the receiver. From the definitioRof Xk k
in (11), if a user transmits at rat®y, the receiver can decode ;H(k+l)o‘ =1 (21)
its packet regardless of othgr users’ transmissions, whiedns By solving (21) numerically, we find that=0.2011 and
gn=1. We can thus establish the recursive relation
N—1 k=1 o RdfmaC(N)E%lOg(l‘l’N—f) 20.13Rc7mac(N). (22)
qr—1=Gqr— (k:—l) (ij) NN -k k+1,qv=1. (15) 2 "
=1 On the other handRq—_mac (V) is less thanR._ac(N), the
achievable rate of a centralized controller. Therefore shvew
that Rq—mac(N)=0 (log (1+2£)). O
The constantC in Theorem 1 can be interpreted as the

é t—hletjsuesrsr;rat\:w;nrglr;ﬁtar?t;stelesrsegg?.t%s;u;rr:ﬁethaz\égrjs , distributive loss due to contention and lack of cooperation
g J between users. By choosimj:%, pe=,---,=pn-1=0, and

: £
packets can be decoded if and onlyM—j-+i<k and the f%, it is easy to see that the throughput of the proposed

:ﬁ??;?:g{vgleﬁzrt?or?aCketS can be decoded. We thus haﬁwéc()del is greater than that of Aloha. We thus obtain the

keN-+j /. following corollary.

- VR I Corollary 1: Let Rajona(IN) be the throughput of Aloha.
Njk = Prj—1,k+1, andn; Ny =p) (16) y Aloha

> <l> S PNTEN We haveRq_mac(N)>Raloha(N).

To computer; , note that there ar(ag) ways to choosé users
out of j users and let them transmit at ratg. The remaining

1=0



Theorem 1 suggests that the total throughput of the nevherep is the probability of choosing?;. When k< N and
MAC model increases with increasing as opposed to Aloha N —+o0, (24) can be approximated as

where the total throughput decreases\vinActually, Aloha can =S
be considered to be a distributed implementation of TDMA ge gRlzﬁf +NRs, (25)
while our approach is a distributed implementation of mac. 1=0"
where{=Np.
C. Fixed Number of Transmission Rates IV. RATE SPLITTING

The N-rate model can achieve a fraction of the achievable |n this section, we extend our approach to rate splitting. We
rate by a centralized controller. On one hand, in practicACM pegin by considering the two user network as in Section II.
layer is built into firmware and the set of rates cannot beedte Two virtual users, denoted d$/ and U/’ are created at node
as the number of users in the network varies. On the other,hand —1,2, with poweraP and (1—a) P, respectively, wherex
the first few R,’s in (11) are typically significantly larger thanis a parameter to be optimized. We take a suboptimal layering
the other rates in practical scenarios. Motivated by these tapproach as in [8], wher@&!"’s packet is always decoded before

factors, we thus generalize thé-rate model to the case with{’s packet. Thus, each virtual user as in Section Il only needs
K rates, whereK is a fixed number that does not vary withyg consider two rates, i.el]! takes

N. Each node is capable of transmitting at onelofrates, , 1 aP
Ri,...,Rx and R;>Ry>--->Rg. Assuming thatn, nodes Rk(o‘)zil‘)g(H(ki_l)aerUz)?k’:vav (26)
transmit at rateRy, the packets of ratd;, can be decoded if with probability p/, andU?” takes

and only ifZ{:lnlgwj, j=k,....,K, wherewy is the maximum

number of users with transmission rates higher tgnsuch Rg(a):llog (1+ (1-o)P 2) k=12,  (27)
that users with transmission rafe, can decode its packets. 2._ (k=1)(1-a)P+2aP+o
The decoding complexity is proportional 9K . with probability p;’. We choose; =p’, p,=1-p', andp/=p",

py=1—p". Note that our strategy is different from [8] where
U/ only transmits at raté),(«) andU;’ only transmits at rate
k=1,...,K—-1 and RK:§log(1+W) for simplicity, R/ («). The approach in [8] can be considered as a special case
which giveswy =k, k=1,...,K —1 andwgx=N. Even though of our strategy by choosing' =p"=0.

the optimalp, maximizing the average throughput may depend As in Section Il, the average throughput of multiple access
on R, and N in a complicated way which does not lead tdMAC with rate splitting can be obtained as

In this subsection, we considd;, =11log (14‘%)’

simple practical protocol design, the following theorenowh Rars—mac(p' 0"t

that the optimalp;, has a simple form asymptotically a— . , , , , , ,

fhat the optimab g ympIoteety =2((1-9") ((Ri(@)+ Ra(@)p' (1) + Ro(e) (1-1)%) (28
Theorem 2:Whean:%log (1—1—(,671)%), k=1,....K— +(R’l’(a)+R’2’(a))p”(1—p”)+R’2’(a)(1—p”)2).

1 andRK:%IOg(1+W)' andw,=Fk, k=1....K=1 " Given o, maximizing (28) overp’.p”, we could obtain
andwg =N, the optimal;, maximizing the average throughputry (). By performing a linear search over we obtain
satisfiesimy oo Npr =&, k=1,..., K —1, whereg, are con- the maximum total throughpu®y;, . .
stants depending only oR; ..., Rk. In other words ;=% Fig. 1 compares the throughput of the proposed algorithm
maximizes the average throughput asymptotically. with that in [8] and Aloha witho?=1 and differentP. We
Theorem 2 removes the dependencedfin optimizing can see that the proposed schemes perform better than both
Pk, Which facilities distributed dynamic algorithm designg.¢ Aloha and the one in [8]. The achievable rate of [8] is satdat
optimization or¢;, is done only once and the resultiggcan be when P is large due to the lack of contention resolution
applied for anyN. By using game theoretic framework in [9],mechanism. By using rate splitting, an additional perfaroea
we do not even need to knoW given&. The multiple access gain is attained by using the proposed protocol compareid wit
MAC in Aloha type networks can be extended to wireless LANhat without using rate splitting.
When K is small, we can obtaigy, in closed form. We give  The proposed approach can be readily generalized to the

an example in the following. case of choosingV/ virtual users at each node forminy/
Example (K=2): When K'=2, the average throughput is layers. We still assume a layered decoding approach at the
NRip(1—p)¥ L4 NRa(1—p), 23) receiver by decoding the packets from virtual users at layer

before decoding the packets from virtual users at layer1,
wherep is the probability of choosing?; andw; =1, we=N. where the users at layen are assigned poweP,, such that
Maximizing (23), we obtain the optimqi_, whose closed form %lem:p_ Let ¢, be the probability that all layer. users’
does not exist in general. Whel,=0, it reduces to Aloha, packets are decoded correctly conditional on all the packet
whose throughput is maximized wher- % in this case. at layers less tham are decoded successfully which can be
We could also choos&:%log (14_(#1)%) andw; =k, computed by using the same idea as in Section Ill, Bpdbe

wherek is an integer inf1..... N1 The average throughput isth€ total throughput of users at layer given all lower layers’
ger intL,....N'} ¢ anp packets are decoded correctly. The total throughput ofidiial

k-1 _ . M 1
NRipY N-1 P (1=p)¥ " - NRo(1=p), (24) Users can be written afirs mac=>_,—1 Rmll"; ¢1. The
=\ ! optimization of P,, and the rate selection probabilities at each
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Fig. 2. Achievable throughput comparison of different t&gées as a function

Fig. 1. Comparison of different schemes witf =1 and differentP in a
of N when P=10 ando2=1 (SNR=10 dB) .

network with 2 users.

layer are coupled and are complicated to optimize. We thkes taas in Section III-C. The throughput of the propos&drate
a suboptimal approach by decoupling the two optimizatigves. protocol increases withK. Even with K=2, the proposed
first optimize overP,, by ignoring each layer’s impact on upperprotocol achieves a 3.4167 times throughput gain over Aiiha
layers or assuming,,=1, m=1,...,M. We can show that N=50. However, unlike the throughput obtained by usiivg
pm:%z (H_%)% ((1+%)ﬁ_1), m=1,....M, maxi- transmission rat_es which s_trictly i_ngreasesZ\aSncreases, '(he_

i " L o throughput obtained by using a finite number of transmission
mizes ), ., R,. After obtaining P,,, we optimize the rate

rates converges to a finite value As—+oo like Aloha.
assignment probability of layem backward fromm=»M to
m=1. When it comes to layern, we need to maximize VI. CONCLUSION
ZﬁmRiH};}n@, which can be solved similarly as in Section In this paper, we have developed a new class of MAC
II. protocol, which allows each user to transmit at differentada
rates within the multiple access capacity region. By using
V. SIMULATION RESULTS successive interference cancellation, multiple packets loe
We now present simulation results on the proposed multipieceived simultaneously. In slotted Aloha type networkthwi
access MAC protocol in Aloha type networks, which als&aussian channels, we showed that the achievable sum rate
apply to full duplex WLAN. We only consider the maximumof the new protocol is at least a constant fraction of the
achievable throughput without protocol overhead. information theoretic limit. This approach was also ex&uhd
Fig. 2 compares the achievable throughput of differentestrato rate splitting.

gies as a function oV when P=10 ando?=1 (SNR=10 dB).

We compare the proposed protocol with centralized scheme
and conventional Aloha.The “Equal Probability” throughjss 2]
obtained bypy=x*5, k=1,...,N—1 and py=1-a, where 2]
«a=0.2011 as in the proof of Theorem 1. The optimizec!
throughput of the proposed strategy is obtained by maxngizi
(12) via a local search around the “Equal Probability”, vwhic s
does not necessarily achieve the global maximum. In bothlequ
probability and local search protocols, we set the number[ I
transmission rates at each user to e The throughput of
Aloha decreases a& increases while that of the proposed
protocol increases a¥ increases. WhetV =50, the proposed [2]
protocol with local search achieves a 3.1951 times throughﬁe]
gain over Aloha. Even with equal probability, the proposed
protocol has a 2.2064 times throughput gain over Aloha &t
N=50. The ratio between the centralized scheme and the
proposed strategy with local search decreased’ ascreases.
When N=50, the proposed strategy with local search attaing
0.4580 throughput of the centralized scheme, which meats th
the lower bound (22) in Theorem 1 is very loose. We algo]
include the achievable throughput of the proposed protocol
with only K transmission rates witlk being a finite number
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