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Abstract— This paper investigates the impact of space-time
coding on a power-efficient Medium Access Control (MAC)
protocol in an IEEE 802.11a-based mobile ad hoc network
(MANET). The new MAC protocol preserves energy by sending
information at the minimal power required to reach the des-
tination at the minimum power with a specified Packet Error
Rate (PER). The analysis of space-time coding is conducted in
practical environments, including spatial correlations between the
fades between the transmitter and the receiver antenna elements.
Combining improvements in the physical layer with the new
MAC protocol leads to tremendous savings in power and increase
in spatial reuse while maintaining a basic quality of service.

I. INTRODUCTION

Wireless networks usually fall under two categories: infras-
tructure networks, with centralized control and Access Points,
and infrastructure-less networks, with distributed control and
no Access Points. The latter, known as mobile ad hoc networks
(MANETS) are expected to see rapidly increasing use in meet-
ings, conferences, disaster situations, etc. To ensure interoper-
ability of products, IEEE finalized the 802.11 standard in 1997.
Since then this standard has been extended to the 802.11b and
802.11a standards [1]. These are a potential framework for the
operation of MANETS. Table | summarizes some important
features of the approved 802.11 IEEE standards.

In applying the 802.11 standard to MANETS, many prob-
lems remain unresolved. Some examples are poor transmission
quality due to packet losses, battery constraints, mobility-
induced re-routing, frequent network partitions and security.
An efficient way to remedy some of these problems is to
investigate improvements at the lower layers of the protocol
stack, and develop new protocols at the higher layers to exploit
physical layer improvements.

Recently, the use of multiple antenna elements at both
the transmitter and the receiver to achieve diversity gains,
commonly referred to as space-time coding (STC), has re-
ceived considerable attention. The pioneering work in [2]
has sparked wide research on efficient space-time codes. In
this regard, Alamouti [3] proposed a technique for a two-
elements array with remarkably simple encoding and decoding
schemes. Previous studies have shown significant performance
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TABLE |
APPROVED |IEEE STANDARDS FOR WLANS

802.11 802.11a 802.11b
July 1997 September 1999 September 1999
83.5 MHz 300 MHz 83.5 MHz
2.4-2.4835 GHz 5.15-5.35 GHz 2.4-2.4835 GHz
3 channels 12 channels 3 channels
1,2 Mbps 6,9, 12,18,24 | 1, 2,55, 11 Mbps
36, 48, 54 Mbps
FHSS, DSSS OFDM DSSS

enhancement in applying STC to centralized networks with
Access Points [4], [5].

The development of STC in [3] assumes independent fading
between any two pairs of transmitters and/or receivers. This
assumption is only approximately valid. The finite spacing
between the elements of the array and the nature of mul-
tipath both lead to partially correlated fading. In cellular
environments, the spatial correlation degrades the performance
of STC [6]. In a MANET application, the element spacing
is further constrained by the area of the mobile device.
Two antenna elements will be used at both the transmitter
and the receiver and, unlike previous attempts exploring the
performance of IEEE 802.11a with STC [4], [5], the spatial
correlation is modelled using the ”one-ring” model proposed
by Jakes [7], and extended by Shiu et.al. [6].

In analyzing the performance of ad-hoc networks, the en-
ergy consumed per successfully transmitted data bit plays a
crucial role. Much work has been done on finding efficient
ways to preserve energy [8], [9]. These investigations have
focused on the MAC layer independent of the physical layer.
In [10], we proposed a MAC protocol based on sending the
packets at the minimal power needed to achieve a threshold
packet error rate (PER) at the receiver. The new MAC protocol
solves other problems with prior approaches such as collisions
while significantly increasing spatial reuse and reducing power
consumption in mobile ad-hoc scenarios. In this paper, the ben-
efits of combining improvements in the physical layer, based
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Fig. 1. Proposed Transmitter Design

on Alamouti’s space-time coding scheme, with improvements
in the MAC protocol are quantified. This joint PHY-MAC
approach is an effective and novel way to achieve power-
efficient MANETS. The focus here is on the 802.11a standard.

Section 2 summarizes the physical layer design with STC
added to IEEE 802.11a. This section also discusses spatial
fading correlation and presents the model used to account for
its effect on the performance of STC and presents some PHY
layer results. Section 3 briefly explains the MAC protocol
of [10]. Section 4 provides the results of combining the
physical layer and MAC layer enhancements of Sections 2
and 3. This is the main contribution of this paper. Section 5
presents some conclusions.

Il. PHYSICAL LAYER DESIGN

For signal transmission, data bits are generated by the binary
source, input to a rate 1/2 convolutional encoder, which can be
punctured to 2/3 or 3/4 for a particular data rate. The output
is interleaved, then converted to BPSK, QPSK, 16-QAM or
64-QAM values depending on the modulation type of the data
rate to be used. The resulting symbols are divided over the 48
data subcarriers, and 4 pilot subcarriers are added to form an
OFDM symbol [1]. Alamouti’s STC is applied to each symbol
as shown in Figure 1.

For OFDM systems, space-time coding can be more appro-
priately named frequency-space coding. It is performed over
the whole OFDM symbol which is coded in parallel across
the 48 data subcarriers. If we denote two consecutive OFDM
symbols by sy and sq, then the two antennas transmit sq and
s Is transmitted in the first symbol period, followed by —s7
and sg in the second symbol period. Before transmission, each
antenna’s signal is converted to the time domain by an Inverse
Fast Fourier Transform (IFFT), the cyclic prefix is added and
the preamble appended.

At the receiver, the reverse operations are performed after
synchronization. The cyclic prefix is removed, and a Fast
Fourier Transform (FFT) for every symbol recovers the values
on the subcarriers. The channel is estimated using training
symbols and pilot subcarriers. This allows the decoding of the
STC symbols according to the combining scheme proposed by
Alamouti [3]. These decoded symbols are then demodulated,
deinterleaved and the Viterbi decoder identifies the data bits
as shown in Figure 2.

A. Correlated Channels

At the physical layer, the most important factor limiting the
performance of any scheme is the random channel between
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Fig. 2. Proposed Receiver Design

transmitting and receiving nodes. In an indoor setting, the
channels may be modelled as Rayleigh tapped delay lines
with an exponentially decaying average power profile [11].
The coherence time of the channels is assumed greater than the
duration of an OFDM symbol, so the channel is assumed to be
time-invariant for the duration of a single symbol transmission.
In the analysis here, the rms delay spread set to 50ns, as a
reasonable value for homes and offices [11].

In incorporating space-time coding into the 802.11a physical
layer, the analysis here assumes two transmitting/receiving
elements on each mobile node. For the results of the original
Alamouti scheme to be valid, the four channels between
any pair of transmitters and receivers must be statistically
uncorrelated [3]. However, in practice, these channels are
invariably correlated. While in an indoor setting, the impact
of correlation may be minimal, any realistic simulations of
the proposed scheme must account for possible correlation.
To model fading correlation, we use the “one-ring” model
proposed by Jakes [7] and extended by Shiu et.al. [6]. The
spatial fading correlation can be determined from the physical
parameters of the model such as antenna spacing, antenna
arrangements, angle spread, and angle of arrival.

In the one ring model, if D is the distance between the
transmitter and receiver, R the radius of the scatterer ring
and © the mean angle of arrival at the receiver, the angles
of incoming waves are confined within [© — A,© + A] (A
is the angular spread where A = arcsin(R/D)). We define
d¥(p,q) as the distance between the transmitter antennas p
and ¢, with d] (p,q) and dj (p,q) denoting the projections
of d”(p,q) on the x- and y-axis, respectively. Similarly, we
define df(1,m) as the distance between the receiver antennas
I and m, with d¥(p, q) and d}*(p, q) denoting the projections
of d®(p, q) on the x- and y-axis.

If the uncorrelated channel is modelled as a vector vec(H),
where H is a 2x2 matrix, then the covariance matrix is
given by Elvec(H) vec(H)'], where 1 denotes the conju-
gate transpose. From Egn. (6) in [6], assuming dX(p,q) =
0 and (@) =0

E [Hm,pH:n,q] ~

2w

T <\/ O a2+ & df}(z,m))?.) ®

In the rest of this paper, this matrix modifies the channel
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Fig. 3. PER vs. SNR at 54Mbps for correlated vs. uncorrelated fades

impulse response so that spatial fading correlation is accounted
for in the results.

B. PHY Layer Results

1) Spatial Correlation Effect on STC: To study the effect of
STC in a correlated fading environment within the framework
of the 802.11a standard, the measure of performance used
will be the Packet Error Rate (PER). A received packet is
considered to be in error if at least one bit is found incorrect
after decoding. The simulation is based on Rayleigh faded
channels with a 50ns rms delay spread. The spatial correlation
is calculated for a A/2 antenna element spacing at both
the transmitter and the receiver, with an angular spread of
A = 50°. Figure 3 shows the average PER vs. signal to
noise ration (SNR) for three cases: no diversity, STC without
spatial correlation and STC with spatial correlation. As seen
in the figure, the difference between the uncorrelated and
correlated cases is minor. To obtain a 0.01 PER, an extra 1 dB
is needed in the correlated STC case. In both the correlated
and uncorrelated STC cases, the improvements compared to
the no-diversity case are still considerable: around 11 dB for
a PER of 0.1. For more realistic results, the spatial correlation
will be accounted for when using STC in the remaining
simulations, since this correlation may play an important role
in other scenarios [6].

2) STC Effect on PHY layer: To transmit data at the lowest
possible energy level, the MAC protocol requires the PER
versus SNR curve for each transmission data rate. The protocol
of [10] uses the control packets (RTS, CTS and ACK) defined
in the IEEE 802.11 standard [1]. An additional confirmation
control packet (CONF), similar in size and structure to RTS,
is added. These control packets are sent only at one of the
following three rates (6, 12 or 24 Mbps), depending on the
data rate. The MAC protocol is tested for a video conferencing
application, with a data transmission rate of 54 Mbps, data
packet size of 1000 bytes and the control packet sizes fixed
to 48 bytes for RTS, and to 42 bytes for CTS and ACK. Note
that the header size (28 bytes) is added to the actual RTS (20
bytes) and CTS/ACK (14 bytes) packet sizes. The PER vs.
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Fig. 5. PER vs. SNR at 24 Mbps for 45 bytes packets

SNR for this data packet size at a 54 Mbps rate and the PER
vs. SNR for the mean control packet size (45 bytes) at a 24
Mbps rate are therefore needed.

As a function of SNR, Figure 4 compares the PER for 1000
bytes packets sent at 54 Mbps for the cases with and without
STC. As expected, significant improvements are achieved by
using Alamouti’s scheme. To obtain a PER of 0.1, the gain
is of 10 dB with Alamouti’s STC as compared to the case
without diversity. Figure 5 shows a similar plot for packets of
45 bytes sent at 24 Mbps. As seen in the figure, significant
improvements are achieved by using Alamouti’s scheme. To
obtain a PER of 0.1, the gain is of 8 dB with Alamouti’s STC
as compared to the case without diversity.

I1l. MEDIUM ACCESS CONTROL LAYER DESIGN

The MAC protocol proposed in [10], STC-MAC, is briefly
summarized to show the role that STC can play in achieving
additional power savings. The STC-MAC uses two channels,
one for transmitting control packets and the other for trans-
mitting data packets. Details on the spacing and bandwidth of
these channels can be found in [10].

The sender initiates the exchange by sending RTS on
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the control channel at the maximum power Pt,,,, allowed
by the 802.11a standard in its frequency band. Depending
on the required received power Py,.s, corresponding to a
greatest allowed PER, the receiver calculates the minimum
transmission power required Pt,,;,.4es at which CTS should
be sent. Note that the benefit of space-time coding is to make
this Pt,,in.4es lOWer than the usual case, as the desired PER is
obtained at a lower SNR. The receiver then sends CTS on the
control channel at Pt,,;n.4e5. The sender sends a new control
packet, CONF, at Pt,,in.qes On the control channel to make
sure no ongoing reception in its transmission range will be
disrupted. The CONF packet is assumed similar in structure
to the RTS packet. This packet is needed to ensure a collision-
free protocol. The sender then waits for a short interval inter-
frame spacing XIFS. XIFS has to be large enough to allow
for propagation delay and frame processing time.

If a node has an ongoing reception in progress, with a data
transfer on the data channel, and receives a CONF packet on
the control channel, it sends a CANCEL packet at Pt in.des
on the control channel, causing the new exchange to be
delayed until the current ongoing transfer ends. The CANCEL
packet is assumed similar in structure to the CTS packet. If
the sender does not receive CANCEL during XIFS, it goes on
to send the DATA packet at Pt,,;n.4es ON the data channel.
The receiver responds with an ACK packet at Pt,in.des ON
the control channel, and the exchange is successfully ended.

Figure 6 shows the STC-MAC frame exchange sequence. As
shown in [10], this protocol solves both the hidden terminal
and exposed terminal problems in mobile ad-hoc networks.

IV. MAC LAYER RESULTS

The MAC protocol of [10] was simulated with and without
space-time coding. The two cases are compared in terms of the
total data delivered per unit of energy consumption (bits/J) and
data throughput. The data delivered per unit consumed energy
is given by:

S S
T K M )
E. Zi:1 PT; + Zj:l PB;T;

O]

where,
S total number of successful data bits sent between source

Bits received per Joule (MbitslJ)

1200 4

q‘
- — n-STC
£ 1000 gre
€ s
2
= B00
=
= 400
2
2 200
@ 0
50 4000
Data rate per flow (kbps)
Fig. 7. Total data delivered per unit of energy consumption (Bits/J), with

various network loads

and destination,

K total number of packets sent (including control packets)
for the duration of the simulation (from all nodes including
intermediate hops),

M: total number of packets received (including control
packets) for the duration of the simulation (from all nodes
including intermediate hops),

P;: transmission power of packet 4,

P;: reception power of packet j,

T;: time to transmit packet 1,

Tj: time to receive packet j,

E.: total energy consumption in the network,

Note that this formula accounts for both the power when
the actual destination receives the packet and when any node
hears a packet not destined for it.

The simulations used OPNET Modeler version 7.0B [12].
The data transmission rate is set to 54 Mbps. The control
transmission rate is dynamically chosen based on the data
channel rate, as specified in the standard [1]. The path loss
exponent is set to 3.8, a reasonable value in an indoor
environment [11]. The PHY layer results of Figures 4 and 5
are incorporated into OPNET, thereby accounting for fading
and spatial correlation in the simulations and increasing the
viability of the final results.

A typical peer-to-peer application, video conferencing, is
used. This kind of application is well suited for an ad-hoc
application, in meetings and conference rooms The packet load
is varied with the packet size fixed to 1000 bytes, so that the
results generated for the PHY layer can be used.

The first example simulates a random mobile topology,
where 4 nodes move in a 20m x 20m area. The total data
received per Joule consumed for both the STC and no STC
case is measured with 4 random video conferencing flows
starting at 25, 30, 35 and 40 secs. The simulations run for
one minute. The flow rates take some values from 50 kbps
to 4 Mbps. Due to the use of STC, the required transmission
power from the nodes is lowered by 10-dB.

Figure 7 shows that the total data delivered per unit of
energy consumed increases with the network load for both the
MAC protocol with and without STC. As more data is being
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transmitted, the power savings increase, hence the total number
of bits delivered per Joule increases. There exists a difference
between the STC and the no-STC cases for a particular load,
which shows that the use of STC at the PHY layer can yield
additional power savings. When the load nearly overloads the
network, the total number of bits delivered per Joule seems to
reach a floor. Note that in this case, both configurations have
the same overall network throughput, so only the savings due
to the use of STC account for the power savings.

The second example illustrates the increased data through-
put in dense networks due to space-time coding. Figure 8
shows the aggregate throughput of the overall network when
the 4 nodes move in a 10m x 10m area, as opposed to the
20mx20m area of the earlier example. Again, the 4 random
video conferencing flows start at 25, 30, 35 and 40 secs. The
simulation runs for five minutes. Due to the use of STC,
the transmission power from the nodes is lower and hence
reduces the interference level at the neighboring nodes. With
the additional transmission power when STC is not used, it
becomes difficult for simultaneous exchanges to occur. As
the flows start, the throughput degrades due to the increased
interference. In the STC case, the results are much better as the
throughput increases gradually as more flows start. Therefore,
the use of STC processing at the PHY layer makes STC-
MAC’s performance better in a dense environment.

V. CONCLUSION

This paper has studied the impact of space-time coding in
a correlated fading indoor environment on a power-efficient
MAC protocol. The paper establishes that STC results in lower
energy consumption for a similar amount of data delivered.
The combination of STC with the MAC power control protocol
can provide large power savings. This is clearly an expected
result, however requires a MAC layer protocol that can exploit
the resulting power savings. The MAC protocol, coupled with
STC at the physical layer also dramatically improves data
throughput in dense terminal environments.

REFERENCES

[1] IEEE Std 802.11a, “Part 11: Wireless LAN medium access control
(MAC) and physical layer (PHY) specifications: High speed physical
layer in the 5 GHz band,” Tech. Rep. D7.0-1999, IEEE, November 1999.

[2] V. Tarokh, N. Seshadri, and A. Calderbank, “Space-time codes for
high data rate wireless communication - performance criterion and
code construction,” |IEEE Trans. on Information Theory, vol. 44, no. 2,
pp. 744-765, 1998.

[3] S. M. Alamouti, “A simple transmit diversity technique for wireless
communications,” |EEE Journal on Selected Areas in Communications,
vol. 16, no. 8, pp. 1451-1458, 1998.

[4] M. K. Abdul Aziz, M. R. G. Butler, A. Doufexi, A. R. Nix, and
P. N. Fletcher, “Indoor throughput and range improvements using
standard compliant and AP antenna diversity in IEEE 802.11a and ETSI
Hiperlan/2,” in IEEE VTC 54th Vehicular Technology Conference, no. 4,
pp. 2294-2298, 2001.

[5] R. Piechocki, P. N. Fletcher, A. R. Nix, N. Canagarajah, and J. McGee-
han, “Performance of space-time coding with Hiperlan/2 and IEEE
802.11a WLAN standards on real channels,” in IEEE VTC 54th Ve
hicular Technology Conference, no. 3, pp. 848-852, 2001.

[6] D. Shiu, G. J. Foschini, M. J. Gans, and J. M. Kahn, “Fading correlation
and its effect on the capacity of multielement antenna systems,” |IEEE
Transactions on Communications, vol. 48, no. 3, pp. 502-513, 2000.

[7] W. C. Jakes, Microwave Mobile Communications. New York: Wiley,
1974.

[8] E. S. Jung and N. Vaidya, “A power control MAC protocol for ad-hoc
networks,” in ACM International Conference on Mobile Computing and
Networking (MobiCom), Sept. 2002.

[9] V. B. J. P. Monks and W. M. W. Hwu, “A power controlled multiple
access protocol for wireless packet networks,” in IEEE INFOCOM
Proceedings, no. 1, pp. 219-228, 2001.

[10] R.F. Farhaand R. S. Adve, “Power savings for mobile ad hoc networks.”
Submitted for review to Mobicom 2003.

[11] K. Pahlavan and A. Levesque, Wireless Information Networks. New
York: Wiley, 1995.

[12] OPNET Technologies Inc., Users manual for OPNET version 7.0, 2000.



