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Abstract— A key technology in cooperative communications
is distributed space-time coding (DSTC) which achieves spatial
diversity gain from multiple relays. A novel DSTC, calledrandom-
ized distributed space-time coding (R-DSTC), shows considerable
advantages over a regular DSTC in terms of system complexity.
In this paper, we exploit the benefits of R-DSTC physical (PHY)
layer and develop adistributed and opportunistic medium access
control (MAC) layer protocol for R-DSTC deployment in an
IEEE 802.11 wireless local area network (WLAN). Unlike other
cooperative MAC designs, in our proposed PHY-MAC cross-layer
framework, there is no need to decide which stations will serve as
relays before each packet transmission; instead, the MAC layer
opportunistically recruits relay stations on the fly; any station
that receives a packet from the source correctly forwards it
to the destination. Through extensive simulations, we validate
the efficiency of our MAC layer protocol and demonstrate that
network capacity and delay performance is much better than
legacy IEEE 802.11g network.

I. I NTRODUCTION

In the past decades, WiFi has grown into one of the most
popular wireless technologies due to its low cost, simple
installation, and great capability to support high speed data
communications. The IEEE 802.11 [1] standard has estab-
lished itself as the most prevalent wireless LANs (WLAN)
protocol and has delivered several versions, such as IEEE
802.11a/b/g/n.

While a conventional WiFi system can support a relatively
high speed for data transmission, e.g. up to 54Mbps for
IEEE.802.11a/g, the aggregated throughput of a WLAN cell
may be severely degraded by slow stations located close to
the edge of the cell [2]. In recent years, the concept of
cooperative wireless communication has attracted significant
research attention in the PHY layer [3], [4]. As one of the
MAC layer designs to support a cooperative PHY layer in a
WLAN, CoopMACenhances the system throughput via two-
hop transmission using an intermediate station, called arelay
station[5], [6]. The performance ofCoopMAC, albeit superior
to direct communication, is still limited as it only selectsa
single relay.

To improve diversity gain over a single relay system, multi-
ple relays can be employed at the PHY layer to collaboratively
transmit the source signal to the destination.Distributed space-
time coding (DSTC) across the relay stations achieves a
high spatial diversity while maintaining spectral efficiency.
A cooperative MAC layer incorporating DSTC is expected
to improve performance overCoopMAC; however, it still has
inherent drawbacks that lead to difficulties and inefficiencies
at the MAC layer.

A detailed distributed MAC layer protocol that deploys
DSTC in a cooperative ad hoc network is described in [7].
In this protocol, the source station needs to discover the set of
selected relays and assign the antenna array index to each relay
for the underlying DSTC by the use of a broadcast message,
while each chosen relay, upon receiving that message, must
respond with a pilot tone to verify its availability as a relay.
This process consumes significant signaling overhead which
could be very costly in a mobile environment. Whenever
any selected relay fails to receive from the source, DSTC
cannot be established and the transmission falls back to direct
transmission from the source to the destination. Thus the
system robustness to the channel fading and mobility effects
is limited. Furthermore, the source station in [7] does not
allow other stations other than the chosen set of relays to
cooperate even if those stations may successfully decode the
source signal, thus sacrificing the potential additional diversity
gains.
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Fig. 1: Cooperative transmission using R-DSTC.

The above problems can be addressed byrandomized dis-
tributed space-time coding(R-DSTC) [8], which reduces the
coordination among the source station and the relays. R-DSTC
provides an alternative to DSTC by providing robust cooper-
ative relaying of the source signal. In contrast to a regular
DSTC, R-DSTC does not allocate the antenna array index to
each relay, which simplifies the protocol design and leads toa
reduction of signaling cost. A generic cooperative MAC layer
protocol is presented in [9] showing the throughput gain of R-
DSTC technique over the conventional single-hop and two-hop



single-relay, e.g.CoopMAC, approaches. However, [9] does
not present a detailed MAC layer design and does not describe
the signaling to enable randomized cooperation. Furthermore,
for simplicity, channel coding and forward error correction
are ignored. Also in [9], the transmission rate for the first hop
and second hop are picked independently, where each hop rate
is based on a PER threshold. Hence, there is no guaranteed
end-to-end PER for the packet received.

In this paper, we design a simple yet robust IEEE
802.11 compliant cooperative PHY-MAC cross-layer frame-
work based on R-DSTC, that fully exploits the opportunis-
tic diversity gain of multiple relays. The transmissions take
place in a two-hop manner. The source first broadcast the
packet to the network, and potential relays that receive the
correct packet forward jointly, using randomized cooperation,
as depicted in Fig. 1. There is no need to determine which
nodes will act as relays before the start of transmission. Relays
are recruitedon-the-fly, i.e., any node that receives packet
correctly from the source can forward to the destination,
no matter where they are, thus making it very robust to
random loss and interference. The proposed design details the
MAC layer signaling and is backward compatible with IEEE
802.11 systems. In contrast to previous papers [5], [9] that
determine the transmission rates based upon per-hop packet
error probability, this newly proposed scheme conducts therate
adaptation by jointly optimizing the two-hop transmissions and
guarantees that the end-to-end PER at MAC layer is below
a certain threshold. Furthermore, it enables fullydistributed
cooperation. Particularly, even stations far away from the
source can participate.

The remainder of this paper is outlined as follows. Section
II introduces the PHY layer background of a R-DSTC system
and summaries the key advantages that distinguish R-DSTC
from a regular DSTC. In Section III, we present a cross-
layer protocol that facilitates robust cooperative forwarding. It
also describes the opportunistic rate adaptation that R-DSTC
employs to optimize the throughput performance. Simulation
results in Section IV quantify the significant performance gains
of our protocol. In section V, we present conclusions and
future work.

II. R-DSTC PHYSICAL LAYER DESCRIPTION

This section introduces the basic operation of the R-DSTC
scheme at PHY layer [8], [10]. In a generic wireless network,
suppose a source station intends to transmit a packet to its
destination station. The end-to-end transmission takes places
in two hops via relay stations. In the first hop, the source
station broadcasts its packet to its neighbors. Neighbors that
successfully decode the source packet are recruited as relay
stations. The R-DSTC encoded signals from all relays are
transmitted simultaneously and decoded by a STC receiver at
the destination station yielding a considerable diversitygain.
Fig. 1 gives an example of using four potential relays. In this
figure, we assume the packet is received by relays 1,2 and 4
from the source, which forward at the next time slot. Relay 3
fails to receive the packet correctly and does not participate

in forwarding the packet to the destination. The set of relays
that actually receive from the source could vary from packet
to packet.

In an R-DSTC system, each relay is allowed to have one or
multiple antennas to support R-DSTC using a virtual antenna
array. In this paper, we assume that each station is equipped
with a single antenna for simplicity.

A single-antenna relay employs a regular single-input and
single output (SISO) decoder to decode the information sent
by the source station in the first hop. The relay then re-
encodes the information bits and passes them to a space-time
code (STC) encoder. We assume the underlying space-time
codewordG is of dimensionL × K, whereL is the number
of antennas andK is the block length transmitted by each
antenna. Hence, the output from the STC encoder is in the
form of L parallel streams,X1, X2, ..., XL, each stream
corresponding to an antenna. In a standard MIMO system,
the ith antenna would transmit streamXi of K symbols.
In contrast, in a R-DSTC system, each relay transmitsa
linear weighted combination of allL streams. Each weight is
an independently generated random variable with zero mean
and variance1/L. It is shown in [8], [10] that the complex
Gaussian distribution has desirable properties in terms oferror
rates. Assumingn relays participate in the second hop, then the
vectorri = [rj1 rj2 . . . rjL], wherej = 1, 2, . . . n, represents
the random weights at relayj and R = [r1, r2, . . . , rn]T is
the weight matrix for all thesen relays. The receiver at the
destination station is a regular STC receiver with one antenna
and is able to decode the received signal with a conventional
STC decoding implementation.

A. R-DSTC error rates

In this section, we discuss the computation of BER and
PER for the first hop SISO transmissions and the second hop
transmissions using R-DSTC. These error rates will be used
to select appropriate transmission rates to guarantee the packet
error rate at the MAC layer. We first compute the BER perfor-
mance for SISO and R-DSTC in an Additive White Gaussian
Noise (AWGN) channel for a certain modulation level,M , by
assuming all the channel gains are fixed. The packet error rate
(PER) for a channel code,C, can be then derived numerically
for any given BER. In a fading environment, the average PER
is derived by averaging over all fading levels.

1) BER performance for direct link (SISO):We assume
that the source transmits with a symbol energy ofEs. Then
the received signal is

y =
√

Eshx + w, (1)

wherey is the received signal andx is the transmitted signal.
h is the channel gain andw is complex AWGN with power
spectrum densityN0/2.

For a M-QAM square constellation, the symbol error rate
can be computed as [11]

Ps,h(M) = 1 − [1 − P√
M ]2, (2)



with

P√
M = 2(1 − 1√

M
)Q

(√
3Es‖h‖2

(M − 1)N0

)
, (3)

whereQ(y) =
∫∞

x
1√
2π

e−z2/2 dz.
If the constellation uses Gray coding, the bit error rate for

the M-QAM can be approximated by

P direct
b,h (M) ≈ 1

log2 M
Ps,h(M), (4)

where we denote explicitly the dependence on modulation
level M .

Note that the instantaneous BER computation for the SISO
transmissions can be applied to the first hop of the proposed
two hop cooperative R-DSTC transmissions, because each
relay makes decoding decisions independently. The above
can also be used to calculate the performance for both hops
of the two-hop transmission for CoopMAC with no receiver
combining, which employs only one relay. Here we define the
BER between AP and nodei as P direct

b,i (M) = P direct
b,hi

(M),
and the BER between node pairi and j as P direct

b,ij (M) =

P direct
b,hij

(M).
2) BER performance for R-DSTC:Suppose there aren

relays and the symbol energy at each relay isEs. We consider
a space-time code of sizeL × K, whereL is the number of
antennas andK is the block length. The underlying space-time
code is based on real orthogonal designs [12]. ForL = 2, 4, 8,
the orthogonal design provides full rate for a square QAM
constellation [11], [12]. Using random weights represented by
the vectorrj for relayj, we can express the transmitted signal
from the j’th relay at timem, as

zj(m) =
√

EsrjX(m), (5)

wherej = 1, 2, · · · , n andm = 1, 2, · · · , K. Here,X(m) is
them’th column of the STC. We assume that each element of
ri is an independent complex Gaussian random variable with
zero mean and variance1/L [8]. We denote the symbols sent
by the STC asul, wherel = 1, 2, ..., L.

The received signal at nodei (destination) at themth
symbol interval can be expressed as

yi(m) = HiZ(m)+wi(m) =
√

EsHiRX(m)+wi(m), (6)

whereHi = [hi1 hi2 · · · hin] is the 1 × n channel vector
representing channel gain from each relay to theith node,
w(m) denotes AWGN with power spectrum densityN0/2,
andZ(m) = [z1(m) z2(m) . . . zn(m)]T .

Assuming coherent detection and using the orthogonality of
the STC, a sufficient statistics to estimate of each symbol,ûl

can be expressed as [12]

ûl =
√

Es‖HiR‖2ul + w̆l, (7)

where‖·‖ represents for the Frobenius norm andw̆l is complex
Gaussian noise. Hence, we can model the impact of R-DSTC
transmissions as an SISO transmission with an equivalent
channel gain of‖HiR‖. Similarly, BER for the second hop R-
DSTC transmissions usingM -QAM, PR−DSTC

b,i (Hi, M) can
be computed following steps used in Eq. (2) and Eq. (4).

B. PER performance in fading channels using convolutional
codes

We employ convolutional coding of rates 1/2, 2/3 and 3/4,
using the generator polynomial functions specified in the IEEE
802.11g standard [13]. Assuming the bit errors in the received
bit stream, which serves as the input to the channel decoder,
are independent and identically distributed (i.i.d.), we can
use simulations to derive PER for a given BER for different
channel codes. The simulation first generates a bit stream,
which is than encoded. The coded bits are flipped randomly
according to the BER derived above. The output of the decoder
is compared with the original bit stream to calculate the PER.
We usePER(C, Pb), whereC is the coding rate, to denote
the PER performance with BERPb.

In a fading channel, the received signal strength, as well as
the PER performance changes over time. The average PER in
a fading channel can be calculated by averaging the PER over
all possible fading levels. Thus for any given channel fading
statistic to the destination node, the average PER for station
i exchange packet with the source directly, using modulation
M and rateC coding used for IEEE 802.11g is

P direct
e,i (M, C) =

∫
PER(C, P direct

b,hi
(M))f(hi) dhi, (8)

wheref(·) is the probability density function of the fading.
Similarly, the average PER between any pair of stations (i,j)

is

P direct
e,ij (M, C) =

∫
PER(C, P direct

b,hij
(M))f(hij) dhij . (9)

The average PER for a R-DSTC transmission (second hop,
from the relays to the destination), using an STC size ofL
and usingn relays is

PR−DSTC
e,i ({1, 2, · · · , n}, M, C, L)

=

∫∫
· · ·
∫

PER(C, PR−DSTC
b,i (Hi, M))

×f(hi1, hi2, · · · , hin) dhi1 dhi2 · · · dhin

=

∫∫
· · ·
∫

PER(C, PR−DSTC
b,i (Hi, M))

×f(hi1)f(hi2) · · · f(hin) dhi1 dhi2 · · · dhin, (10)

by assuming the fading is independent across nodes. Here
{1, 2, · · · , n} is the index set ofn relays, andf(·) is the joint
distribution of the channel fading.

III. A MAC L AYER FRAMEWORK FORR-DSTC IN A

WIRELESSLAN

A. Wireless LAN Medium Access Control Overview

According to [1], The IEEE 802.11 standards specifies two
forms of medium access control (MAC): Distributed Coordina-
tion Function (DCF) and Point Coordination Function (PCF).
For the deployment of WLANs, DCF is mandatory as it is a
simple mechanism that enables bandwidth sharing in a fair
manner. The DCF scheme is based on the carrier sensing
multiple access/collision avoidance (CSMA/CA) algorithm
and is a collision-based channel access mechanism. Before a



station transmits its data packets, it needs to sense the channel
to ensure it is idle. Meanwhile, virtual carrier sensing is also
carried out to avoid collisions, by means of the Request To
Send (RTS) and Clear To Send (CTS) frames. These two
control packets set the Network Allocation Vector (NAV), by
means of which channel reservation information is broadcasted
to all the stations to avoid the hidden terminal problem. In this
paper, we will focus on DCF mode with RTS/CTS messaging
and develop our R-DSTC based cross-layer framework to be
fully backward compatible with current IEEE 802.11 standard.

B. Protocol Design for R-DSTC in a WLAN
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Fig. 2: Signaling procedure for R-DSTC based cooperation.

In order to translate the PHY layer benefits of R-DSTC
to enhance the network performance of a wireless LAN, we
develop a MAC layer protocol to incorporate R-DSTC into the
operation of WLAN DCF mode. In the meanwhile, RTS/CTS
signaling is retained to resolve the hidden terminal problem.

Fig. 2 illustrates the proposed protocol procedure. Before
the source station starts its data transmission, it first transmits a
RTS frame at the base rate in compliance with the IEEE 802.11
standard. The RTS frame reserves the channel for subsequent
signaling and data messages. Then the source continues to
send aHelper-Recruiting (HR)frame after ashort inter-frame
spacing(SIFS) period. This HR frame is transmitted at the
chosen first-hop rater1, determined by the modulation level
M1 and code rateC1. Only those stations that can support
rate r1 from the source can decode the HR frame, and they
are further to be able to receive the subsequent data packet.
By the use of HR, the relays can be recruited on-the-fly based
upon the fluctuations of the fading channel. More specifically,
at different fading levels, the set of recruited relays may vary.
As long as the instantaneous channel from the source is strong
enough, any station in the network can serve as a relay, no
matter how far they are from the source. The HR frame also
contains the underlying STC dimensionL and the transmission
rate r2, which is specified by the modulation levelM2 and
coding rateC2, for cooperative relaying over the second hop.
We separate HR and RTS with a SIFS because these two
frames are sent at different rates. In addition, the RTS message
is kept unchanged so that our protocol is backward compatible
with the current IEEE 802.11 standards.

When the relays successfully decode the HR frame, they
send in unison thehelper-ready to send(HTS) frame, using

R-DSTC with rater2 and an STC of sizeL SIFS time after
the HR frame is received. The HTS frame is initiated for two
reasons. Firstly, it is used as an acknowledgement to the source
station and ensures the source signal is correctly receivedby
some relays at the rater1. Secondly, the destination station,
as long as it receives the HTS frame correctly, can verify that
the second hop rater2 is achievable and will reply with a CTS
message to the source station after a SIFS period.

The above handshaking procedure reduces the potential
collisions and packet loss when transmitting a long data
packet. The source station then proceeds with send theData-S
frame over the first hop, and the relays cooperatively transmit
theData-Rframe using R-DSTC over the second hop at rater2

with STC dimensionL. Finally, the destination station receives
Data-Rand sends back anAcknowledgement (ACK)if the data
packet is successfully decoded.

In the above protocol, the values ofr1, r2 andL are jointly
optimized by the end-to-end rate adaptation algorithm that
will be described in Section III-C. The source station may
collect the station-to-station channel statistics by letting each
station send ahello packet periodically, which includes its
neighbors’ average channel signal to noise ratios (SNRs). The
numerical results in Section IV show that, if the average
channel state information (CSI) on the source-relay(s) link
and the relay(s)-destination link are available at the source,
the network capacity for R-DSTC based cooperation is much
higher over direct transmissions or two-hop single-relay trans-
missions (CoopMAC). However, Section IV also shows that R-
DSTC based MAC can deliver a comparable throughput gain
even if the average CSI is not availableat the source station
in a R-DSTC system. This advantage considerably eliminates
the need for channel estimation and thus greatly reduces the
cost of signaling overhead.

C. Rate adaptation

Most wireless networks use rate adaptation to handle
variable received SNR values, so that a satisfactory error
probability can be maintained. In this paper, the criteria for
rate adaptation is to keep the packet error rate, before MAC
layer retransmissions below a threshold,γ . Typical values
for γ are 5% or 10%. If γ is set too high, there are too
many retransmissions and packet losses at the MAC layer.
On the other hand, ifγ is set too low, the bandwidth is not
used efficiently because the communication link could support
higher modulation and coding rates. In this section, we derive
the optimum two hop data rate and STC size for the downlink.
Solution for the uplink can be derived using similar technique
and is not included.

Assume there areN mobile stations in the network, each
with a PHY layer that is designed to handle different size
QAM constellations and various channel coding rates, re-
sulting in a set of transmission ratesR0, R1, . . . , Rp, where
R0 is the basic rate at which the stations exchange control
information, andR0 < R1 < · · · < RP .

1) Transmission rate for direct transmissions (legacy sys-
tems): If a source (AP) sends the packet to a destination



station i directly, without using any relays, the transmission
rate should be

r∗i = max r s.t. P direct
e,i (Mr, Cr) ≤ γ, (11)

wherer ∈ {R0, R1, . . . , RP }, andP direct
e,i (MRp

, CRp
) is the

PER for direct transmissions using aMRp
-QAM modulation

and channel codingCRp
derived in Eq. (8). Note thatMRp

andCRp
define modulation level and code rates used for rate

Rp.
2) Transmission rate for two hop transmissions using one

relay (CoopMAC): In CoopMAC [5], before each transmis-
sion, the source picks a dedicated relay for the current packet,
as well as the suitable first hop and second hop rate. If node
j serves as the relay for transmissions to nodei, andr1 and
r2 are the first hop and second hop data rates, the end-to-end
PER can be calculated by

P coop
e,i (r1, r2, j) = 1 −

(
1 − P direct

e,j (Mr1
, Cr1

)
)

×
(
1 − P direct

e,ij (Mr2
, Cr2

)
)
, (12)

whereP direct
e,ij is given in Eq. (9).

The optimum rate pairr∗i,1, r∗i,2 and relay selectionj∗ for
CoopMAC is the triplet

(r∗i,1, r
∗
i,2, j

∗)i = argmin
ri,1,ri,2,j

1

r1
+

1

r2

s.t. P coop
e,i (r1, r2, j) ≤ γ. (13)

This optimum rate guarantees the end-to-end PER below
MAC layer transmissions error requirementγ, while minimiz-
ing channel time used to deliver a packet to the destination in
a two hop manner with only one relay.

3) Transmission rate for R-DSTC:The difficulty of the
CoopMAC procedure is selecting and recruiting, on the fly,
the best one out of theN − 1 relays available. The objective
of R-DSTC and the proposed MAC is to overcome this
difficulty, while at the same time providing increased link
resilience and rate gains through the recruitment of multiple
cooperative stations simultaneously. For our proposed system,
rate adaptation only needs to determine the rates for both hops
(source to the relay and relay to destination), and the STC size
L. Since the PER performance depends on the actual set of
relays participating in the forwarding, it is required to examine
the performance of using all possible sets of relays to derive
the end-to-end packet error performance.

There is a trade-off between picking the first hop rater1

and second hop rater2. The higher the data rate for the first
hop transmission, the less time is consumed for the first hop.
But then fewer relays can decode the source information and
participate in the second hop. This means the supported data
rate for the second hop is expected to be lower and more time
is consumed in the second hop.

Another task for the proposed MAC is to choose a suitable
STC to be used by the relays. The diversity gain is limited by
the minimum of the STC dimensionL and number of relays

n. If L is too small, the diversity gain is limited. The MAC
should pick anL that is large enough, and at the same time,
it should guarantee that there is at leastL relays for most of
the time. Also, in practice, good space-time codes only exist
for particular values ofL.

For the set of all mobile stationsS = {1, 2, · · · , N}, the
power set ofS, denoted byP(S), is the set of all subsets of
S.

The relay set for nodei, whose elements are all the possible
sets of relays assisting transmission to nodei, is denoted by

RSi = P(S) \ ∪
A∈P(S) and i∈A

A, (14)

where\ denotes the relative complement. Since there areN −
1 possible relay stations, the relay setRSi contains2N−1

elements, each corresponding to a possible scenario for the
actual relays. The empty set∅, is also an element in the relay
set, representing the scenario that none of the potential relays
receive information correctly from the source, we assume the
corresponding packet error rate for the empty set is 1.

For anyT ∈ RSi, we define the average probability that all
nodes inT receive the packet from the source, and all nodes
not in T fail to receive by

pi(T ) =
∏

all j∈T

(
1 − P direct

e,j (Mr1
, Cr1

)
)

×
∏

all k/∈T

P direct
e,k (Mr1

, Cr1
). (15)

The second hopPR−DSTC
e,i (T, r1, r2, L)), using a fixed set

of relaysT , can be calculated using Eq. (10) .
Assuming all links fade independently, the overall end-to-

end average PER, considering all possible relaying scenarios,
can be expressed by

PR−DSTC,2hop
e,i (r1, r2, L)

=
∑

all T∈RSi

(
pi(T ) × PR−DSTC

e,i (T, Mr2
, Cr2

, L)
)
.(16)

The transmission scheme that maximize the throughput
while maintaining the packet loss rate threshold for transmis-
sions to destination nodei, i.e., the triplet(r∗1 , r∗2 , L

∗), can be
found by solving the following minimization problem:

(r∗1 , r∗2 , L
∗)i = argmin

r1,r2,L

1

r1
+

1

r2

s.t. PR−DSTC,2hop
e,i (r1, r2, L) ≤ γ. (17)

Note that Eq. (16) and Eq. (17) only depend on the
average channel statistics regarding all inter-user link qualities.
Alternatively, the error rate in Eq. (16) can be averaged over
all user locations and further used in Eq. (17), leading to an
optimal choice of(r1, r2, L) only based on number of users
N in the network.



IV. PERFORMANCEEVALUATION

We evaluate the performance of our proposed protocol in
a typical wireless LAN environment with OPNET Modeler.
The simulated scenario consists of one access point (AP) at the
center of a cell andN stations that are uniformly distributed in
the cell. We simulate an IEEE 802.11g WLAN. The simulation
is focused on the uplink with the corresponding parameters
in Table. I. The simulation results displays 90% confidence
intervals.

TABLE I: Simulation Configuration
Parameters Value
Transmit Power 100 mW
Path loss exponent 2.8
Spectrum bandwidth 20 MHz
PHY layer data rates (Mbps) 6, 9, 12, 18, 24, 36, 48, 54
Modulation BPSK, QPSK, 16-QAM, 64-QAM
Channel coding Convolutional 1/2, 2/3, 3/4
Packet size 1500 (bytes)
Contention window size 0 - 1023

In our simulation model, we compare R-DSTC with the
direct transmission and CoopMAC schemes in terms of
throughput and delay metrics. Direct transmission is the legacy
method in an IEEE 802.11 system that connects the source and
destination pair in a single-hop transmission. In the CoopMAC
scheme, only one relay station is chosen to maximize the
end-to-end throughput as described in Section III-C. The R-
DSTC mechanism is evaluated by two approaches: 1)R-DSTC
channel statisticsand 2)R-DSTC user count. R-DSTC channel
statisticsassumes that the station-to-station channel statistics,
such as average SNR, is known by the source station and is
used to jointly optimize per-hop rate of the source adaptively,
while R-DSTC user countonly needs to know the number
of stations in the network and the average received SNR
of the source station at the AP. By using such information,
R-DSTC user countthen jointly optimizes per-hop rate of
the source station by averaging over all possible locationsof
other stations. Hence,R-DSTC user countallows the source
station to determine its transmission rates for two hops without
knowing the deployment of other stations.

Fig. 3 depicts the aggregated throughput performance of
a WLAN cell. It shows that the two R-DSTC approaches are
significantly superior to the direct transmission and CoopMAC
schemes. As the number of stations increases, throughput
for direct transmission decreases due to increased collision
probability. The performance for CoopMAC increases with
the number of stations, since the probability of finding a
better relay increases with node density, which offsets the
performance loss due to collisions. However, the improvement
is limited. In contrast, R-DSTC throughput increases greatly
when the number of stations is large. The reason is that R-
DSTC can substantially boost the end-to-end transmission rate
for each station and thus results in an high system throughput
gain even if the collisions occur more frequently.

Fig. 4 demonstrates the average service delay in a WLAN.
This delay is measured from the moment when a packet
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Fig. 3: Aggregated Cell Throughput Performance.
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Fig. 4: Average Delay Performance.

becomes the head-of-line packet in the MAC transmission
buffer to the moment when that packet is successfully received
at the MAC layer of the receiver. It reveals that the large
number of stations in the WLAN system leads to increasing
of delay for all schemes. However, R-DSTC achieves the
lowest delay performance compared to direct transmission and
CoopMAC transmission, since R-DSTC supports a higher end-
to-end rate for each connection.

An important discovery in Fig. 3 and Fig. 4 isR-DSTC User
Count scheme achieves throughput and delay performance
comparable to theR-DSTC Channel Statisticsdoes, even for a
moderate number of stations. This suggests that R-DSTC can
be implemented in a WLAN system without the need to collect
the station-to-station channel statistics, considerablyreducing
the required measurement overhead.

V. CONCLUSION

In this paper, we develop a cross-layer framework with R-
DSTC in a WLAN system. The PHY-MAC protocol incorpo-
rates R-DSTC into the operation of the mandatory DCF MAC
of a WLAN network and provides a framework for robust



cooperative communications. The proposed protocol is simple
and backward compatible, yet it realizes a significant perfor-
mance gain over the legacy system and single relay based
CoopMAC (introduceing marginal modifications to current
IEEE 802.11a/b/g/n system). It works for both infrastructure
mode and ad hoc mode of WLAN. Compared with [5] and
[7], it enables a fullydistributedyet robustcooperation using
multiple relays. The signaling and channel feedback back
overhead is reduced due to randomized coding. In our future
work, we will analyze the performance of R-DSTC based
MAC protocol in a mobile environment.
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