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Abstract— protocols in networks with “soft collisions” and multi-plest

We investigate the throughput improvement that 2GZAG  reception capabilities (such as CDMA systems). TheZAG
?;ﬁggﬂ'gaﬁggzkgtztgﬂqu}ﬁ%t?i\ie(zgo?)rgfgnﬁcr"%eci,r;ergugic}lzjsf{ decoding feature that we consider in the present paper can be
receiver design ch\t allows successful receptign F2)1‘ Backets gete VI(-Z‘.WGd. as a form of multl-pa(.:ket receptlpn, but is strudtwa
collision. Thus, the maximum achievable throughput of a wireless duite different from the work in [10] and it does not require a
LAN can be significantly improved by using 216 ZAG decoding. CDMA structure.

We analyze the throughput bounds in three different idealized ~ Most of the classical assumptions for idealized slottectimul
slotted multi-access system models for the case Wheni&ZAG  access models used in prior work also hold in our work unless

decoding is used. We also provide results for the Aloha and tated otherwi For exampl r models have slotted tim
CSMA models where exact closed form solutions are infeasible to StA€d ONEIWISE. FOr exampie, ou odels have slotie €

calculate. Our analysis and simulation results show that ZsZag ~ With slot boundaries at integer times¢ {0_7 1,2,...}), packets
decoding can significantly improve the maximum throughput of have fixed sizes and their transmission time equals exan#y o

the random access system. slot, and if just one node sends a packet in a given slot, the
packet is correctly received at the receiver. Also, we agsum
. INTRODUCTION that each packet involved in a collision must be retransuhitt

In this paper, we investigate how much throughput improvéater until the packet is successfully received. A node waith
ment ZGZAG decoding [1] can achieve.lZ2ZAG is a recently Packet that must be retransmitted is said to be backlogged.
proposed 802.11 receiver design that combats hidden tatsnin However, to apply ZZAG into our analysis, we redefine
In ZIGZAG, the receiver can decode two consecutive signdfie term‘Collision” and make the following simplified as-
of two colliding packets and successfully receive both pesk sumptions: Now, ‘Collision” occurs on a slot when 3 or more
despite collision. In other words, if the same two packettidso Users attempt transmission in a given time slot. In this case
twice (with a small bit offset difference), the receiver cafi0 packets are delivered to the receiver. If exactly 2 users
receive both of those packets. Thus, the maximum achievabnsmit packets on a slot, we say that this is aGZAc’
throughput of a wireless LAN can be significantly improvegase which is decodable usingGZAG decoding. Either an
by using 2GZAG decoding. ‘Idle,” ‘Success,’ ‘2GZAG, or ‘Collision’ event happens on

We look at three different idealized slotted multi-acces@very slot, (corresponding to whether 0, 1, 2, or more than
system models to investigate the performance benefits oPackets were transmitted in that slot, respectively) dusl t
Zi16ZAG decoding; 1)N-user slotted random access systeni¢edback is explicitly given (0, ‘1, ‘2cZac, ‘'C’) to all
2) stabilized slotted Aloha, and 3) slotted CSMA with minijusers at the end of each slot. If aiGZAG’ event occurs, that
slots. Prior work has already analyzed these simple systefiat is automatically extended into 2 slots. The two catigli
and has given throughput bounds (see, for example, [2]0i3] fUsers know that they have collided in aGZAG event, and
summaries and reviews of prior work). We extend these wé@lways retransmit the same packet in the next slot. Othesuse
known results to the case whencZAG decoding is used. We also know about this and thus remain silent in the next sfot. |
also provide results for the Aloha [4] and CSMA [5] model& ‘ZIGZAG’ event occurs, exactly 2 packets can be perfectly
where exact closed form solutions are infeasible to caleulareceived at the receiver during 2 time slots. Hence the geera
We concentrate on simple random access protocols and tBgpughput during this period is 1 packet/slot. Finally, we
not consider conflict resolution techniques such as [6],0f7] ignore other aspects ofIi@ZAG decoding such as decoding
capture effects (e.g. [8], [9]) for the simplicity of analys failure or 3 packet decoding.

Related recent work in [10] considers random A|oha-type While we use a slotted model here, it is important to recall
that Z2GZAG decoding relies on packet transmissions to arrive

In the Proceedings of The 7th International ICST SymposiunMoxeling
and Optimization in Mobile, Ad Hoc, and Wireless Networks (Mgt 2009). 1In a real system, there could be cases whemZac decoding may fail for
This material is supported in part by one or more of the follgwithe some practical reasons. Also, there could be cases where 3rerculliding
DARPA IT-MANET program grant W911NF-07-0028, the NSF gran€® packets are decodable. TheGZAG paper [1] does describe these cases but
0520324, the NSF Career grant CCF-0747525. we ignore them for simplicity of analysis.



Fig. 1: A timeline showing the various kinds of frames ‘0’, ‘1’, ‘C’, {&ZAG’

at the receiver so that the first bits of each packets are ndrame is given by:
aligned. This is consistent with a slotted model if slot siaee .

several bits larger than packet sizes, and if transmissioas E{frame sizg = 2 Prigzag+ 1+ (1 — Prigzag)
randomized with respect to the initial bit alignment. A gexte =1+ Pigzag 3)
model allows for some probability; for a ZIGZAG frame

failure due to accidental perfect alignment. However, iis th E{# success packets in a fraine 1- P, + 2 - Pjigzag (4)
paper, we treat the ideal casegf = 0 for simplicity.

Il. SLOTTED RANDOM ACCESS For each frame: € {1,2,...}, let R, and T}, respectively
represent the number of packet successes in fraraad the

We first look at a simple idealized random access protocol fgze of frame. Thus{Ry,} and {T}} arei.i.d sequences. Let
a N-user system where each user has an infinite amount of d&tarepresent the ending time of thé" frame, and letN (t,,)
to send. In this protocol, we usa@ZAG decoding as follows. represent the total number of successes up to timéefine

The timeline is decomposed infeames of size either one or |, 55 the time average throughput. By renewal/reward theory,
two slots, and these frames define renewal events (see Fig.Jd have:

At the beginning of a frame, alV users independently transmit

a packet with probabilityy (0 < ¢ < 1), and exactly one of lim 1 > Ry
the following four events happen; jlle: nobody transmits ;= lim N(tn) _noemgm —  E{R}
any packet, 2)3uccess. exactly 1 user transmits a packet, 3) n—oo iy lim L Xn: Ty E{T}
ZIGZAG: exactly 2 users transmit a packet, or @llision: n—oo M p—y
3 or more users attempt transmission. Then the receives give _ F{# success packets in a frajne . prob. 1 (5)
one of the 4 following feedback messages at the end of the E{frame sizé '
first slot of the frame:

o if idle (i.e., no packets Thus,

attempted transmission).

‘1 if success (i.e., exactly 1 _ D1+ 2Psigrag _ 2Ng(1 — N 21+ (N —2)q)
2

packet attempted transmission). "7 T+ Puigeag 24+ N(N = 1)g*(1 —g)N~
‘ZIGZAG’ if exactly 2 packets

attempted transmission.
‘C’ if 3 or more packets

attempted transmission.

(6)

Feedback =

To maximize throughput, we need to sol@é = 0. But it
is challenging to derive a closed-form formuﬁa for optingal
from this. Hence, we take a different approach to obtain the
The frame has size 1 slot if the feedback is ‘0, *1," or ‘C." Ifmaximum achievable throughput.
the feedback is ‘TGZAG,’ then the frame has a size of 2 slots.
Recall that in the second slot of al@ZAG’ frame, the same |t can be shown that the optimal transmission probability
two users transmit their packets again while all other usegs g(1/N), and hence we would like to find the optimal

remain silent. Thus, in a GZAG’ frame, exactly two packets throughput by guessing the optimal transmission prokigbili
are successfully transmitted by the end of the 2-slot frame. 5¢

«

In this system, the probability of ‘1’ (success) andGZAG’ ¢ =—— (7)
is given as follows: N+4
N and optimizinga: and 0 for the maximum real throughput
P = (1 )q(l — q)N‘1 = Nqg(1 — q)N‘1 (1) as NN goes to infinity. Intuitively, the significant order of the
optimal transmission probability must }é—! since any other
Pjigzag= (N) (1 - q)N—2 — M(ﬂl — )2 order will result in throughput of zero a& goes to infinity;
2 2 higher order will result in infinite repeated collision, alogver

@ order will result in too little transmission relative 1.

Also, the average frame size of the system, and the average
number of packets successfully delivered to the receivea in Substitutingg* into throughputy in Eqg.(6) and asV — oo,
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Fig. 2: Maximum throughput at variou¥, and the throughput bound Fig. 3: Transmission probability* that achieves maximum throughput
when N — oo at variousN

the throughput becomes, our derivation is accurate.
Thus, in this N-user slotted random access system with

N-—-2

o o -~ o ZIGZAG decoding, the maximum achievable throughput is

2N 1 1+ (N —2) \ . I
. — N+ N+o6 N+ 0.6688. Comparing this result to the throughput of this simple

B = o 2 o N—2 random access system withoutGZAG decoding ¢! =

2+ N(N-1) <N n 5) (1 - N—|—5> 0.3678, presented in [2]) shows thatt@ZAG can improve the
(8) throughput of the system by1.8%.
. L 201+ a)e @
iy = 2+ aZe—o ©) [Il. STABILIZED SLOTTED ALOHA

Optimizing o for maximum throughput.* using numerical ~ In this section, we look at a stabilized version of Slotted
calculation results imv = 1.4995 ~ 1.5. Also, in our model Aloha [11] with ZIGZAG decoding. In this model, there are an
with ZiIcZAG decoding, the transmission probabiligyshould infinite number of users each with at most one packet to send.
bel for N < 2 to maximize throughput since two simultaneou&/€W users arrive according to a Poisson process with xate
transmissions can always result in average throughput ofPackets/slot, and they transmit immediately on the slothictv
packet/slot. Hence we sét= —0.5. Thus, asN — oo, the they arrive (even ifitis the second slot of aGZAG frame). If

optimal transmission probability is, the transmission results in a collision, then each userisgnd
one of the colliding packets discovers the collision at thd e
g = L5 (10) of the slot and becomes a backlogged user. Backlogged users
N —0.5 retransmit their packet independently every slot with some
and the bound on the maximum throughput is, adaptive probability;n., (0 < g, < 1), wheren is th_e numper
of backlogged users in the system. If the transmitted paisket
W= NlimOO py = 0.6688 (11) received at the receiver, then that backlogged user is rethov

from the system. Otherwise, it remains backlogged.

Now, we verify the result of the above derivation by numer- Let N (k) be the number of backlogged users at the begin-
ically solving the following two equations together at wars Ning of the k™" frame, and suppose that all backlogged users
N values to find the optimal throughput. Using the valug.of know the value ofV (k). At the beginning of the:™" frame, if

from Eq.(6), we solve: N(k) = n, then all backlogged users transmit with probability
P qn (@and new users arrive independently according to a Poisson
8—“ =0, pu=2A distribution of rate)). Feedback is given in the same way as
q

before at the end of the first slot of the frame (see Sec.llg Th
Fig.2 depicts the numerically calculated maximum througlirame has size 1 if the feedback is ‘0, ‘1, or ‘C." In the case
put with ZIGZAG decoding at variouV values, along with the of a ‘ZIGZAG’ feedback, the frame is size 2, and the same two
derived throughput bound whe¥i — co. The figure shows that users who collided re-transmit the same packets in the gecon
the numerically calculated maximum throughput does cayererslot of the frame. All other backlogged users remain silent.
to the derived throughput bound &8 goes to infinity. Also, However, there is a chance that a new arrival on the second
Fig.3 plots the corresponding numerically calculated mopti slot of the frame also transmits, in which case we get a
packet transmission probability at variolé values. This is feedback of ‘C,; and we erase all information we had about
closely overlapped with the packet transmission prohghjti the ZGZAG event. That is, a K5ZAG frame delivers exactly
derived in (Eq.(10)). These two results together confirnt tha packets in 2 slots if there are no new arrivals at the second



time

Fig. 4: A timeline of events in slotted Aloha. Twol@ZAG frames are ruined by new arrivals on the second slot.

slot of the 4cZAG frame, but delivers exactly 0 packets in By the Drift Theorem [12], [13], the system is stable if there

two slots if there is a new arrival at the second slot of this ane > 0 such that the driftD,, satisfiesD,, < —e for large

ZIGZAG frame (see Fig. 4). Recall that new arrivals that are (and unstable ifD,, > 0 for largen). By Eq.(15),D,, < 0

not successfully delivered are added to the set of backtbgge equivalent to the following expression:
sers at the end of the frame. _

u Py(n) + 2¢= Pyigragn)

We first define the probabilities of ‘1’ (success) and A<
b ( ) 1+Pzigzag(n)

‘Z1GZAG’, given that N (k) = n, as follows:
_ " _x _— We now design the transmission probability so that the
Pi(n) = )‘62 (1= qn)" + e ngn(l — qn) (12) " fight hand side of Eq.(16) converges to a consjanasn —
AT A (n - . Thus, from Eq.(16), the system is stable (with negativé dri
P' _ A 1 —qn n A n 1 — gn n—1 o0 y q ’ y g
vigzadl ") 2 ¢ (1= qn)" + Ae <1)q (1= an) for large n) whenever\ < u*. To this end, defing.; as the

(16)

right hand side of (16), and defing as follows:
s (G)ea-ar a (o) "
’ s _ a2 (17)
P, is the probability of the ‘1’ event where exactly 1 packet L

attempted transmission at the beginning of a frafgyag iS  such thatng, is bounded for large.. The constants: andé in
the probability of the "ZGZAG’ event where exactly 2 packetsEq.(17) will be optimally chosen. By substituting into the
attempted transmission at the beginning of a frame, but thight hand side of Eq.(16), and by approximatifig— ¢, )" ~
eventdoes not always mean that 2 packets are successfully — ¢,)"~! ~ (1 — ¢,)"~2 and sending» — oo, we get,

delivered to the receiver. In fact, since a new arrival may N 2 —a -\
ae”“ +ae Ye

attempt transmission in the second slot of BZAG frame pr = lim pl = . (18)
and corrupt the BZAG delivery (Fig. 4), the probability of 2 e L+ Fee
packets being successfully delivered is, To find the maximum throughput bound, we numerically
P,(n) = Pr{No new arrival & ZGZAG event| N(k) =n}  solve the following two equations to optimize
A *
— ¢ Pygradn) O™ _ o = 19
(14) % .M (19)

Again, the average frame size in this system is given by, 0 obtain the optimah* = 1.310. Hence, the optimal trans-
) mission probabilityg; is,
E{frame sizgl N(k) =n} =2 Pigzadn) 131 )

+1- (1 - Pzigzag(n)) q; =— (20)

n—A—0.69
= 1+ Pigzadn) whered has been set so thaf = 1 whenn = 2. This gives

and the average number of packets successfully deliveredutothe optimal maximum throughput bound of
the receiver in a frame is given by,

E{# packets delivered in a framéeV (k) = n}

=1-Pi(n)+2- Ps(n) Thus in a stabilized slotted Aloha systemGZAG decoding
= Py(n) + 2 Prigradn) improves maximum throughput froeT* = 0.3678 to 0.5123.
This is a39% improvement compared to the system without
Now, consider the Discrete Time Markov ChaW(k), and z|GZaG decoding. However, this improvement result is not as
define the driftD,, as: much as that of theV-user random access model in Sec.ll.
D, =E{N(k+1)—N(k) | N(k) =n} Lhe resson.;s because the system agove suffers frorr1n a loss gf
) throughput if a new user arrives to the system on the secon
= Blamvals| N(k) = n} — E{departures N(k) = n} slot of a 2GZAG frame. Thus, we can improve the system
= A1 + Prigzagn)) — (P1(n) + 2P;(n)) throughput by modifying the above random access protocol
= M1 + Prigragn)) — (Pi(n) + 2™ Pigzadn)) such that the new arrivals during the first slot of &5ZAG
(15) frame do not transmit immediately (in the second slot of the

p* = lim pr =0.5123 (21)




Fig. 5: A timeline showing the state transitions in CSMA Aloha wittGZAG

Z1GZAG frame in which they arrived). They listen to hear —
feedback at the end of the slot in which they arrive, and ae th B E] P,.=P
added to the set of ‘backlogged’ packets without transnyjtti L]
on the next slot if they hear a IZZAG’ on the slot in which
it arrived. Thus, a IZAG event will always end with 2 B IICE] P +P.=1-P-P, .
successful packet receptions.
Then the above analysis should be slightly modified such

(14) — PQ (n) = Pzigzag(n) (22)

(15) — Dn = A1+ Prigzadn)) — (Pr(n) + 2Pzigzadn)) Fig. 6: Three possible state transition times in CSMA Aloha with
(23) ziczAaG: Bto ‘B3, ‘Lor C; ‘ZIGZAG
_ Pi(n) 4+ 2Pigzadn) (24)
1+ Pzigzagﬂn) . . )
e 1+ a2e—@ simulation was run for a fixed value of, and the value of\
(18) — = e (25) was increased for each new simulation to find the maximum
TTe for which there are no queue overflow events. The simulation
and numerically solving Eq.(19) with these modified equaio resulted in maximum throughput df.6675. This result is

results in optimab* = 1.3558. Thus, the optimal transmissionalmost identical to the optimal throughput obtained abewe]

(16) — fin

probability ¢* is given as follows: confirms that our analysis is accurate.
i (13958 = A (26) IV. CSMA SLOTTED ALOHA
" n—\—0.6442

In this section, we examine the maximum throughput of slot-
ted non-persistent CSMA [5] (Carrier Sense Multiple Acgess
system. This system is almost identical to the slotted Aloha
a* = lim fi = 0.6688 (27) system in the previous section (Section Ill) with the foliog/

n—ee differences. The major difference between CSMA slottechalo
The above result is identical to the result from theuser and ordinary slotted Aloha is that idle slots in CSMA are ‘Min
random access system in Sec.ll;1IGZAG decoding improves slots’ with a duration3 units of time (3 < 1) (See Fig. 5).
maximum throughput from 0.3678 to 0.6688, an 81.8% im- Newly arriving users during an idle slot (mini-slot) willtatnpt
provement compared to the system without ZIGZAG decoding transmission in the next slot. If a new user with a packevesri
in stabilized slotted Aloha. while transmissions are in progress, (either successZ &G,

Although our analyses do not consider conflict resolutiopr collision) they are added to the set of backlogged users.
techniques such as [6], [7] which provide maximum thoughp&@acklogged users wait politely until they hear a full mitots
of 0.43 and 0.4871 respectively, we believe thacZac then attempt transmission with probabilify .
decoding will improve throughput bounds in those cases asTo analyze the CSMA Aloha, we can use a Markov chain
well. Since the essence ofI@ZAG decoding is to allow again, using the number of backlogged packets as the state
correct reception of 2 colliding packets, it is complementaand the ends of idle slots as the state transition times. Note
to the conflict resolution techniques and will only incredése that each busy (successJGZAG, or collision) frame must
maximum throughput in addition to the effect of the confliche followed by an idle slot, since nodes are allowed to start
resolution themselves. transmission only after detecting an idle slot.

Finally, we have also verified this maximum achievable In this system, there are four different types of states;
throughput using packet-level simulations. In the simatgt idle, success-idle, collision-idle, andi&AcG-idle. The time
we have used;j; in EQ.(26) as the adaptive transmissiofetween successive state transitions is eithéin the case of
probability (recall that: is the number of backlogged packetsn idle slot), orl + 5 (in the case of success or collision slot
in the system), and each simulation ran for 100,000 packélowed by an idle), or2 + 3 (in the case of ZZAG slots
with maximum backlog queue size of 500. Specifically, eadbllowed by an idle) (see Fig.6).

whered has been set so that = 1 whenn = 2. This gives
the optimal maximum throughput bound of:




First, we define the probabilities of each of four events: 1

k == Numerically solved ZigZag
P(](n) = e_/\ﬁ(l —q )" (28) . == Derived approx. w/o ZigZag|
" 0.8f* = = = Curve fitted ZigZag
Pi(n) = M3e (1 —q,)" + e ng, (1 —¢,)" " (29)
AB)?2 n 0.6F
Prigadn) = (T)e M1 = gn)

N
IS
T

o
)

Maximum Throughput (packets/slot)

Lo (;‘) 21— )" (30)
Po(n) =1— Py(n) — Pi(n) — Prigzagn) (31) 0 02 04 0.6 08 1

Mini slot size (béta)

The expected time between successive state trangltlonmandpig_ 7: Maximum throughput bound of the CSMA system with and
expected number of arrivals and departures are given as: yjithout zicZAG at different values

E{transition timé = 3+ 1- (Py(n) + Pc(n)) + 2 - Prigzadn)

=pf+1-(1 = Po(n) — Prigzagn)) I
+2- Pzigzag(n) ;E:
=0+1-F (n) + Pzigzag(n) (32) g o
E{arrivals} = X - E{transition time % 06 — Zia7ag
= A(ﬂ +1- PO(”) + Pzigzag(n)) (33) % = = = w/0 ZigZag
E{departures = P;(n) + 2 - Pigzadn) (34) § 04
Then we can obtain the drifd,, using Eq.(33)(34) as follows: § 0.2 @ emmemmmmmmssss=sssaaas
Dn=E{N(k+1)— N(k)|N(K) =n) ° Naaal | | | |
= F{arrivals} — E{departure} 0 %2 i ot size ((t))ga) oe '

=ANpB+1— PFy(n)+ Py n)) — (P1(n) + 2P n
& o(n) zigzag ) = (P1(n) Z'gzag((g)g) Fig. 8: Optimal aggregate transmission probabiljty* n (with and

without ZIGZAG) at differentg values for the CSMA system
From the above equation, we can see that the drift in state
is negative if the following holds:
P1 (n) + 2P2|gzag(n)
B+ 1— Py(n) + Prigzadn) N ae”® + a’e
~ — a?
To keep the system stable, the diit, must satisfyD,, < 0 BA1l—e >+ Ge
for largen. Hence, the right hand side of Eq.(36) is the boungly approximating1 — ¢,)" ~ (1—g¢,)" ! ~ (1—¢,)"~2 and

and thus we can approximate this maximum throughpuats

A< (36) follows:

(38)

7

on maximum throughput: sendingn — .
) Pi(n) + 2Pjigzad ) To find the bound on maximum throughput we optimize

= Max.Throughput= lim ;

iz gnp w2 | B+ 1= Po(n) + Prigragnl) « for largen by solving,
0

Suppose the packet transmission probability has the fellow a—g =0 (39)

ing structure: Y - L= A (40)
"= Unfortunately, it is difficult to solve EQ.(39) to obtain an

whereq is a constant to be determined. In the above equationtuitive closed form formula. Hence, we numerically solve
a = A\G + ng, is the expected number of attempted trand=q.(39) and Eq.(40) together at variotissalues to obtain the
missions following a transition to state For largen, we can maximum throughput bound.

approximate the state transition probabilities in Eq.(28)(30) Fig.7 depicts the numerically calculated maximum through-

as, put with 2GZAG along with the approximated throughput
Py~ e without ZIGZAG (3 + 1 — /(2 + 2/3) at various( values?

Also, Fig.8 depicts the numerically calculated optimal kec

P~ ae™®
o? —a 2Analysis in [2] presents — /20 as the approximate maximum throughput,
Pigzag~ 76 but that came from approximating+ 1 — /32 + 283



[ Model [ wlo ZIcZAG [ with ZIGZAG | % gain |

= Simulation ZigZag Random Access 0.3678 0.6688 81.8
.= gyme;ri,caﬂy 70I§¢d22i92ag Aloha 0.3678 0.6688 81.8

L e mulation 0 a
08 _D;r;ed'w,ggigz'gg 9 CSMA (3=0.1) | 0.6417 0.8122 26.5
CSMA (3 = 0.05) | 0.7298 0.8759 20.0

]

g

20'67 TABLE I: Maximum throughput bounds with and withoutG@ZAG

E decoding
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% 02 the analysis has been done in simplified models, we beliate th

= the same trend will hold in real systems also. We believe that
0 02 o4 06 08 1 our results with ZcZAG decoding motivates a MAC design

Mini slot size (beta) with more aggressive transmission probabilities that @ikl

Fig. 9: Maximum throughput results (with and withoutcZ AG) from concurrent transmissions to maximize throughput.
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V. CONCLUSION

We have presented throughput bounds for multi-user random
access systems withi@ZAG decoding [1]. Our analysis and
simulation results have shown thatGZAG decoding can
significantly improve the maximum throughput of the random
access system. Table | summarizes the main results. Althoug



