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Abstract—A new reliable cooperative MAC protocol called
RCO-MAC is proposed, and the protocol’s performance is evalu-
ated with numerical analysis and computer simulation. The key
concept for this RCO-MAC protocol is to give the responsibility
of the error recovery by retransmission for a frame to the node
that transmits the frame. The system throughput is used as a
performance metric. According to numerical results, it is shown
that the scheme proposed in this paper provides over 20% more
system throughput than the rDCF scheme.

Index Terms—Cooperative MAC, WLAN, CRTS, helper node,
rDCF

|. INTRODUCTION

When mobile stations are located around a cell boundary
or two mobile nodes in an ad hoc network [1] are located
a a good distance away or under a fading environment,
severe transmission errors are inevitable even in the 4G mobile
communication system. Although repeater systems have been
used in mobile communication systems until now in order to
improve the transmission quality around cell boundaries, these
repeater systems cannot be used to improve the transmission
quality in ad hoc networks, where the network topology is
variable due to terminal mobility.

Nowadays, cooperative communication [2] has been in-
troduced to improve the transmission quality with the help
of intermediate nodes located between the source node and
the destination node. Most of researches have been carried
out based on IEEE 802.11 WLAN protocol [3] because
this WLAN protocol provides good system throughput over
one-hop wireless network environment. The pioneer research
for performance analysis of this WLAN protocol has been
carried by Bianchi [4] and later the throughput and delay
analysis for IEEE 802.11e protocol that provides QoS service
over the traditional WLAN protocol has been presented by
Tantra [5]. Up to now, most of researches on performance
analysisfor various cooperative MAC protocols following after
Binanchi have been carried out based on [4]. The receiver-
based auto rate (RBAR) [6] scheme has been proposed, which
describes the procedure and the related frame header format
for accommodating a link adaptation scheme in the wireless
LAN system. Many studies on cooperative communication
have been conducted. First of al, the CMAC scheme that
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supports cooperative communication with the RBAR scheme
and with a minimum change from the distributed coordination
function (DCF) mechanism has been proposed in [7]. This
work describes the retransmission scheme between two nodes
when transmission errors take place and the FCMAC scheme
that combines the CMAC scheme with a channel coding
scheme. The relay DCF (rDCF) scheme, which is an enhanced
version of the DCF scheme for cooperative communication,
has been proposed in [8]. In this rDCF scheme, the procedure
for deciding helper nodes, modified control frames (RRTS1,
RRTS2, and RCTS frames), and the frame transmission pro-
cedure between the source, destination, and helper nodes
are described in detail. The CoopMAC scheme has been
proposed in [9]. It is remarkable that this scheme suggested a
mathematical guideline for clearly deciding helper nodes. In
order to get a diversity gain at the channel contention stage,
the CODE scheme [10] changed the traditional triangular
handshake for cooperative communications into the diamond
handshake. Putting these previous studies together, we realized
that those studies did not consider transmission errors due to
bad wireless channels and that these schemes are compared
only with the RBAR scheme, which is only the DCF scheme
rather than a cooperative communication scheme.

In this paper, we present the performance evaluation of a
new cooperative MAC protocol called the reliable cooperative
MAC (RCO-MAC) protocol [11] that provides reliable and
high system throughput over a bad wireless channel, and eval-
uate its performance with mathematical analysis and computer
simulations. In this paper, the range where frame transmission
errors can take place has been extended to the whole gamut
of frame transmissions. Therefore, frame transmission errors
can happen on any frame transmission including the CRTS
frame. A detailed explanation of the proposed RCO-MAC is
presented in Section |1, and system modeling and performance
analysis are provided in Section Ill. Then, the numerical
results from analysis and simulation are provided in Section
IV, and finally this paper is concluded in Section V.

II. RCO-MAC ProTOCOL

The RCO-MAC protocol proposed in this paper for coop-
erative communications is based on the DCF scheme of IEEE
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Fig. 1. Frame exchange chart at the RCO-MAC protocol

wireless LAN [3]. Over a bad wireless channel, basicaly it is
favorable that the node transmitting a frame is responsible for
successful transmission for this frame. However, in the rDCF
[8] scheme, only source nodes are responsible for successful
transmission of any frame. For clarification, let's consider a
simple cooperative network group consisting of a source node,
a destination node, and a helper node. According to the rDCF
scheme, for the first time the sender node transmits an RRTS1
(relay RTS) frame to the helper node based on the CSMA/CA
channel contention algorithm. Then, the helper node sends the
RRTS2 frame to the destination node SIFS period after the
node receives the RRTS1 frame successfully. And then, the
destination node sends the CCTS frame to the sender node
SIFS period after the RRTS2 frame is received successfully.
If the helper node fails to transmit the RRTS2 frame to the
destination node successfully, then the source node cannot get
the CCTS frame within a pre-defined period. At that time,
the source node notices the need of retransmission by the
timeout of the retransmission timer in itself and retransmits
the RRTS1 frame, and thus, the whole transmission procedure
begins from the start. Since the only node responsible for
successful transmissions is the source node, this scheme takes
along time for error recovery. On the other hand, in the RCO-
MAC protocol the helper node that transmitted the RRTS2
frame to the destination node is in charge of the successful
transmission of this frame. Therefore, the helper node can
retransmit the RRTS2 frame when the node does not sense
any signa within a pre-defined duration.

The overall operating procedure for the RCO-MAC is
presented in Fig. 1. In this paper, how to choose appropriate
helper nodes is not described but each node is assumed to
know its helper node in advance, because this RCO-MAC
scheme is assumed to use the same helper node selection
scheme as the rDCF or CoopMAC scheme. When a source
node (Node S in Fig. 1) has a frame to transmit, the
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node should start the transmission procedure based on the
CSMA/CA protocol. So, the node initializes the contention
window (CW) first and then sends a CRTS frame to the helper
node (Node H in Fig. 1) at the basic rate. In addition, the
source node triggers timer 1, whose value will be described
later, for an error recovery by retransmission. If the node
receives the CCTS (cooperative CTS) frame before timer 1
expires, then the node sends the DATA frame to the helper
node at the supportable maximum transmission rate based on
the measured SNR value. For error recovery with retrans
mission, every node handles a new variable ¢, the number
of transmissions for the frame untill now and this variable
should be equal to or less than n, the maximum number of
transmissions allowed for each node. The source node handles
two additional timers, timer 2 and timer 3. Timer 2 is for
error recovery of the DATA frame. Thus, if the node does not
sense the DATA frame transmitted by the helper node to the
destination node during two SIFSs, the node retransmits the
DATA frame again. If this node does not receive the ACK
frame before timer 3 expires, then the node returns to the
start by doubling the contention window. Each timer described
above is set as the following values, where the frame name
(ex. CCTS) means the transmission time for that frame.

o Timer1:2xSIFS+ ARTS+ (ARTS + 2XxSIFS) x(n—1)

+ CCTS + (CCTS + 2xSIFS)x(n — 1)
o Timer 2 : 2xSIFS
o Timer 3: 2xSIFS + DATA + (DATA + 2xSIFS)x (n—1)
+ ACK

If the helper node receives the CRTS frame from the source
node, the helper node sends the ARTS (acknowledge RTS)
frame to the destination node (Node D in Fig. 1) and triggers
timer 2 for error recovery. If the helper node senses the CCTS
frame transmitted by the destination node before the timer
expires, the helper node has finished its role successfully.
Otherwise, the helper node retransmits the ARTS frame for
error recovery. If the helper node receives the DATA frame
from the source node, this node forwards the frame to the
destination node. In this case, the error recovery procedure
for this frame is the same as one for the ARTS frame.

If the destination node receives the ARTS frame from the
helper node, the destination node transmits the CCTS frame
directly to the source node at the basic rate. The node's error
recovery procedure is the same as one described above for
the helper node. If the frame received by the destination
node is the DATA frame, then the node sends back the ACK
frame directly to the source node at the basic rate. In this
case, however, the node skips the error recovery procedure
even when this ACK frame is in error. Among three timers
described above, timer 1 and timer 2 will be needed in the
rDCF scheme, too. However, the values for the timers in the
RCO-MAC is greater than one in the rDCF scheme because of
the different retransmission function carried out by each node.

I1l. PERFORMANCE EVALUATION

Let's define several system variables required for perfor-
mance analysis.
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o r : the maximum value of the backoff stage

o m : the maximum value of contention window size

o n : the maximum number of any frame transmissions for
error recovery except CRTS and ACK frame

e K : the maximum number of source nodes in this
communication transmission range

e 7 : CRTS frame transmission probability on a wireless
channel medium

e pm(pa) : control (DATA) frame transmission error prob-
ability due to bad wireless channel

e p. . CRTS frame transmission failure probability due to
collision

In case of CSMA/CA protocol for IEEE 802.11 wireless LAN,

contention window size at each retransmission is determined
by the following rule.

W, = { 20 CWmin;

2m . Cszna
During any contention procedure in the RCO-MAC protcol,
transmission failure for the CRTS frame takes place due to
collisions with other frames or bad wireless channel. So the
CRTS frame transmission failure probability is given by

0<i<m
m<i<r

)

by = Pc + Pm — Dc * Pm- (2)

The frame transmission prodedure in the RCO-MAC protocol
including the backoff operation of each station is modeled
with a Markov Chain. Our approach is similar to those of [4]
[5]. In this section, we assume that each station always owns
data frames to transmit in its buffer, which is called saturated
traffic condition. Then, the system state vector for performance
analysis of the RCO-MAC protocol consists of the following
three variables

« b(t) : backoff stage of a source station, b(t) = 0,1,---,r

» ¢(t) : value of the backoff counter, ¢(t) =0,1,---

Wy — 1

e o(t) : frame transmission phase, o(t) = 0,1,---,5
where the variable o(t) means the sending phase for each
frame which is shown in Fig. 1. For instance, 0 means the
sending phase of a CRTS frame, 1 means that of an ARTS
frame, and finally 5 means that of an ACK frame. Then,
the system vector {b(t),c(t),o(t)} becomes a discrete time
Markov chain and thus the state transition diagrams are shown
in Fig. 2.

The system states described as (¢, 7,0) in Fig. 2 are the
same as those in the previous studies [4] [5], however the
system states described as S; in Fig. 2 are newly added in this
paper to describe the exchanges of the ARTS, CCTS, DATA,
ACK frames. Detailed transition diagrames for .S; are skipped
in this figure because of complexity but they can be figured
out based on the following explanation. Let's consider the
transmission procedure for the ARTS frame. According to the
error recovery scheme with retransmissions, the transmission
failure by the helper node for the ARTS frame takes place
only when all the n times of ARTS frame transmissions fail
consecutively. In this case, a system state moves on to one
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Fig. 2. System state transition diagram

of those system states with increased backoff stage by one.
However, the system state at the backoff stage of r under
ARTS frame transmission failure or al the other system states
receiving the successful ACK frame return to the start for
transmitting another data frame. The balance equations for the
RCO-MAC pratocol including the above explanation can be
given by

r—1
ago = Y ios(1—pm) + A(r) + avos + prareo (3)
i=0
ajo0 = i—100pf + A — 1) + @i105Pm, 1 < < H4)
. 1
Qij0 = Olifwo% +{AG@—-1)+ ai7105pm}W
+  Q@i5+10
Wi—3j . .
= %%007 0<i<r, 1<j<W;-1(5

o — { (1 —pp)(1 = p2)* oo, k<3
ok (L—pp)(L —pp)*(1 = p)FBai, 3<k< ?6)
where A(i) = Zizl Q0P + Zi:g QoKDY -
By iterative method, steady-state probabilities can be de-
rived with one additional condition that the sum of al those

probabilities should egqual to one.

T Wifl 5

DO ai 16,k =1 )

i=0 j=0 k=0
' 0, 40&k+#0
where 1(j, k) = { 1, ! itherwiszé
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In the calculation of those steady-state probabilities, the CRTS
frame transmission probability = and the transmission failure
probability for CRTS frame due to collison p. should be
replaced with

r 1— (pf + B)r+1
ZaiOO = B\
— 1—(ps + B)

1—(1—7)kt ©

* Qip00 (8)

Pe =

For performance analysis, the system throughput in bps is
considered and it is defined as the ratio of the total amount
of data transmitted successfully to the simulation duration. In
order to derive the numerical formula for system throughput,
two types of average delays should be calculated in advance.
The first one is Dg the average time delay from the trans-
mission of the ARTS frame to the successful reception of the
ACK frame, and the next one is Dg the average time delay
from the transmission of the ARTS frame to the complete
transmission failure after n-th retransmission of ARTS, CCTS
or DATA frame or after ACK frame transmission. In order
to calculate Dg, the average time delays for the successful
frame transmission at each phase, D%, i = 1,2, --,5, should
be derived first and thus are given by

n

Dy = ) {(ARTS+ SIFS + (i — 1)(ARTS + 2SIFS)}
i=1
P (1= pm)

Di = ) {(CCTS+ SIFS + (i — 1)(CCTS + 2SIFS)}
i=1
P (1= i)

D% = ) {(DATA + SIFS + (i — 1)(DATA + 2SIFS)}
i=1
Py (1 —pa)

Dy = ) {(DATA + SIFS + (i — 1)(DATA + 2SIFS)}
i=1

-+ pi (1= pa)
Dg = ACK

where those frames' name (ex. ARTS) means the transmission
time for each frame. Then, the average time delay from the
ARTS transmission to successful reception of the ACK frame

can be derived as
Dg = D§ + D% + D% + Dg + Dy, (10)

In similar way, the average time delays until transmission
failure at each phase, D%, i =1,2,---,5, are given by

Dy = ARTS + SIFS + (n — 1)(ARTS + 2SIFS)
D% = CCTS + SIFS + (n — 1)(CCTS + 2SIFS)
D3 = DATA + SIFS + (n — 1)(DATA + 2SIFS)
D} = DATA + SIFS + (n — 1)(DATA + 2SIFS)
D} = ACK.
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Fig. 3. Examples of various time slots

Then, the average time delay from ARTS frame to complete
transmission failure can be derived as

Dm 1 2 Do
D DL.Em (DL 4+ DZ)1 —p) - 22
E E Pt+( s+ Dz)(1—-py,) 2
+ (Dh+Dg+ D)1= ph)
+ (Dé+D§+D%+D4E><1fpm>2(1fpd)ﬁ
+ (DY + D%+ D+ D+ Dy)(1—ph)?
1—pn)2. 2 11
( pd) P, (11)
where
P o= ph+ (L —pp)pm + (L=pi)?pi + (1= pl)?

(L—pi)pi + (1 =) (1 = pi)*pm.

The probability that there is at least one CRTS frame trans-
mitted by K mobile users in the considered time duration,
Py, and another probability that the transmitted CRTS frame
is successfully received to the helper node without collision
and transmission error, P,, are calculated as

Py = 1-(1-7)% (12)
T 77’K71
po= P 0o,

Futhermore, the probability P, that any transmission error
does not take place during the period from ARTS frame to
ACK frame transmission can be derived as
Po= (1= pp)*(1 = p)*(1 = pm)- (14)
According to this protocol, there are four different types
of dot time which means the variable time interval between
two consecutive backoff time counter decrements. First, when
there is no transmission on the channel, the dot time means
the dot duration 77 = o. Second, when the transmission of
CRTS frame results in failure due to collision or bad wireless
channel, the dot time becomes T. Third, when the source
node does not receive the ACK frame even after the successful
transmission of the CRTS frame, the dot time becomes Tk.
Lastly, if the total transmission scenario is successful, then this
dot time is Ts. All of them are examplified clearly in Fig.3
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when n = 2 and are indicated as

T[ = O
Tr = CRIS+DIFS+o
Tp = CRIS+SIFS+ Dg +DIFS+o

Ts = CRTS+ SIFS + Dg + DIFS + 0.

Then, the average size of the time slot can be shown as
E[S] = (1= Py)T1+ PsPiP,Ts + PsPi (1 — Po) Tk
+ Pu(1— P)Tp. (15)
Since the system throughput can be calculated as the ratio of

the DATA frame transmission time to the average time dot, it
is given by

¢ _ PuPuPuEIP]
- E[S]

where R, is the maximum transmission rate and E[P] is
the transmission time for the DATA frame.

: Rmam [bpS] (16)

IV. NUMERICAL RESULTS

For the performance evaluation of this RCO-MAC protocol,
the mathematical analysis and computer simulations have been
conducted. The simulation code was programmed with a C
language based on SMPL library [12]. The system parameters
used in the performance evaluation are described in Table I.
All control frames are assumed to be transmitted at the basic
rate and DATA frames are assumed to be transmitted always
at R,,qz. The reason for this DATA frame transmission rate
is described in the following sentence. It is assumed here that
the transmission path between the helper nodes and source or
destination nodes can provide 11 Mbps and that control and
DATA frame transmission error probabilities by bad wireless
channel are the same for simplicity. In this table, R,;, means
the transmission rate between a source node and a helper node.

TABLE |
SYSTEM PARAMETERS
Parameter Value Parameter Value

CRTS length 352 bits SIFS 10 us
ARTS length 352 hits DISF 50 pus
CCTS length 304 hits CWmin 32 dots
ACK length 304 hits CWmax 1024 slots
DATA length 1024 bytes  Rgp, Rnq 11 Mbps
Slot size (o) 20us Basic rate 1 Mbps

n variable pm(Pa) variable

Rma:c 1M bpS

The system throughputs by analysis and simulation for
the RCO-MAC with n = 3 are presented and compared in
Fig. 4. These numerical results are computed as functions
of various frame transmission errors (p,, = pg) and the
different number of source nodes. In this figure, analysed
results are shown in various types of lines and simulated results
are shown in various types of points. This figure shows us
two facts that system throughputs computed at lower frame
transmission error provides better system performance than
one at higher frame transmission error and that, as the number
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Fig. 5. Comparison of system throughput performance(p,, = 0.1)

of source nodes increases, the overall system throughputs tend
to decrease. The one is because increased error probability
causes lots of retransmission and thus decreased number of
successful transmissions, and the other is because increased
number of source nodes means increased CRTS frame col-
lision probability. It is shown from this figure that analytic
results coincide with simulated results over reasonable system
environments.

The system throughputs by analysis and simulation for
the RCO-MAC protocol with various n and rDCF scheme
are presented and compared in Fig. 5. These numerical re-
sults are calculated for frame transmission error probability
0.1. According to this figure, the RCO-MAC protocol with
n = 3 provides over 20% more system throughput than
the rDCF scheme. Although the RCO-MAC protocol may
provide similar system throughput with the rDCF when frame
transmission error is very low, it is clear from this figure
that this RCO-MAC protocol provides much better system
throughput performance than the rDCF protocol at mobile ad
hoc networks.

V. CONCLUSION

In this paper, a new reliable cooperative MAC protocol
caled RCO-MAC is proposed and its performance is eval-
uated. Performance evaluation has been carried in two ways,
mathematical analysis and computer simulation. According to
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numerical results, the RCO-MAC protocol provides over 20%
higher system throughput than the rDCF. For further study, we
are planning to design a new cooperative MAC protocol with
cross-layer design considering the MIMO and smart antenna
physical layer technologies.
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