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Performance comparison, TX = 4, RX = 4, k=2
0 e S S

o sTBC |
— % — C-RTS|

BER
S

-8 -6 -2
Eb/NO (dB)

Fig. 1. Performance for nodes with four antennas in a a Ricean fading envi-
ronment, with x constant equal to 2.

Performance comparison, TX = 8, RX = 8, k=8
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Fig. 2. Performance for nodes with eight antennas in a Ricean fading environ-
ment, with x constant equal to 8.

at the receiver. Instead the C-RTS employs the hybrid beam-
forming/space time code outlined in this section and selection
diversity (as in [1]). The main differences between the two
physical layers are the usage of an enhanced ABBA maximal
ratio combining STBC for the former system and the exploita-
tion of beamforming for the latter. Results for N = 4, x = 2
and N = 8 x = 8 are reported in Figs. 1 and 2. The mod-
ulation is always QPSK. It has been shown that the proposed
scheme performance is very close to that of C-RTS for N = 4
antennas (superior for F/NO > —1dB, while for N = 8 our
system outperforms for every SNR the C-RTS.

IV. NETWORK LEVEL RESULTS

After showing that the STC-based solution is able to provide
the required omnidirectional range extension without incurring
any extra delay, we study how this feature impacts the MAC-
layer performance, when applied to RTS/CTS packet transmis-
sion in an IEEE 802.11-like access protocol for MIMO ad hoc
networks. The reduced delay of the handshake (which con-
sumes a considerable fraction of the channel time due to the

requirement of using the basic rate) can be expected to signifi-
cantly improve the overall protocol performance, e.g., in terms
of throughput and channel contention.

The simulations have been performed by the OPNET mod-
eler. The physical layer has been adapted to emulate the flat-
fading, slowly time varying Ricean MIMO channel. Between
each transmitter-receiver pair, the channel gain is represented
by an N x N matrix H whose elements are iid Ricean random
variables. No correlation is assumed between the antennas.

The simulated networks encompass 7 or 11 nodes, randomly
located in a 200 x 200 meter square. All radios are within the
transmission range of each other. Therefore this is a one-hop
network, also devoid of hidden terminals. Each time, 480 sec-
onds are simulated. The duration has been chosen so as to stabi-
lize the results. Each node generates Poisson traffic with arrival
rate A = 8,16, 25, 30, 50, 60 packets/s.

If an RTS packet is correctly decoded, the receiver is as-
sumed to be able to perfectly estimate the channel. The data
exchange can be carried out by beamforming. For the transmit-
ter, the optimum antenna weight vector is the right eigenvector
of H[15]. This is piggybacked on the CTS frame. On receiving
this packet, the transmitter can thus weight its antennas accord-
ing to these values. Since the channel is assumed to be time in-
variant during a packet duration, no adaptation is needed. The
total available bandwidth is IMHz, and the system uses a BPSK
modulation leading to a IMbps rate. Our protocol employs only
this basic rate. The effects of rate adaptation are left as future
work.

An RTS or ACK packet is 30 bytes long, the CTS is 30 + NV
bytes long, where N is the number of antennas. The additional
overhead is due to the channel feedback information, because
each coefficient is (conventionally) quantized to 8 bits. Finally,
a data packet carries a 1 kB payload, plus 12 bytes for the re-
cipient/sender addresses.

The MAC protocol accurately mimics the IEEE 802.11 DCF
with the following exception. If a node (let us call it A) has sent
an RTS packet for node B, but receives no reply, it starts the
customary exponential backoft stage. But if during this backoff
time a CTS from B towards another node is overheard, A drops
the attempted transmission with B. In addition it another packet
for a different destination is being queued, A starts a new hand-
shake. This feature does not belong to the original 802.11 DCE,
but allows A to attempt another communication. This mech-
anism is enforced to avoid that some nodes could pointlessly
wait while having the possibility to establish a different con-
nection, by means of spatial re-use capacity. If a node refrained
from transmitting a packet because the receiver was busy, while
it could engage with a different destination, then the maximum
spatial capacity would be abated.

Finally, most of the simulations have been run for AWGN
channels because that was the original environment for the C-
RTS protocol. Some results for scenarios with fading are re-
ported, but most of them are omitted due to lack of space.
Nonetheless, the conclusions are quite independent of the Rice
constant.

The first comparison involves the throughput metric (Figs.
3, 4,5, 6). The load is equal to the total number of bits sent
through the channel, whereas the aggregate throughput is pro-
portional to the data bits correctly received. Both are normal-
ized by the product of the simulation duration and the data rate,
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7 nodes, Throughput vs effective load, 4 antennas, k=2
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Fig. 3. 7 nodes network, 4 antennas per node, kK = 2

thus measuring the fraction of the resources really used. A
throughput above the 100% threshold means that more trans-
missions are simultaneously taking place. It is evident how
the overall throughput increases because of the reduction of
the handshake time. This is verified by the fact that the STBC
curves saturate at points whose coordinates are both larger than
the corresponding points of the C-RTS curve. The final out-
come is that the amount of data sent on air and the number of
packets successfully decoded grow. For instance, in Fig. 4 the
protocols have similar performances in lightly load scenarios
(where the handshake delay is not a critical issue because trans-
missions seldom overlap), but as the packet generation rate be-
comes larger, the C-RTS saturates at 120% of load and 110% of
throughput. Instead, our approach brings these figures to 150%
and 125% respectively. This mirrors the fact that the contention
time is shorter. This implies first that the overall time to com-
plete a packet exchange is lower. But in addition the possibility
to fail a handshake (due to a collision) is also reduced. These
two reasons combined lead to less overhead.

However, it must be acknowledged that close to the satura-
tion throughput our system performance shows a higher vari-
ability, thus suggesting that at extreme loads the topology can
significantly affect the protocol operation. This is likely to be
caused by node alignment, since the interference due to the
main lobe of an array pattern can impair the reception for other
nodes, and thus prevent possible handshakes and transmissions.
On the other hand, when the Rice constant is low, beamforming
performance degrades, and the C-RTS throughput decreases as
well, since the array gain for the CTS/RTS frames decreases.
Instead, the ABBA STBC makes the system less dependent on
the environment propagation conditions. Moreover, a larger
number of antennas raises both the saturation throughput and
the maximum load. This is especially true with denser net-
works (Figs. 5, 6), where the interference is more severe and
the capability to suppress it becomes more crucial. Finally, the
1 antenna system (as expected) never exceeds the 100% load
nor the 100% throughput (because in so small a network there
is no possibility of spatial reuse with omnidirectional transmis-
sions).

Another important metric is the number of channel con-
tentions undergone by the system, which is equal to the to-
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7 nodes, Contentions, 4 antennas, k=2
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Fig. 7. 7 nodes network, 4 antennas per node, x = 2

tal number of RTS packets normalized by the amount of Data
packets successfully received. This measures the efficiency of
the RTS/CTS handshake in the two situations. The C-RTS
needs a longer time to broadcast its control frames. This implies
that the reservation mechanism is more vulnerable, because
other nodes could attempt another handshake in the meantime,
leading to potential collisions. This idea is confirmed by the
simulations results in Figs. 7, 8 and 9, which uphold the state-
ment, especially at high loads.

V. CONCLUSIONS

A Space-Time based approach to solve the asymmetry in
gain has been explored. A high performance STBC and an
effective usage of the receiver array gain is shown to provide
sufficient channel gain to broadcast a control packet, while re-
taining a low delay with respect to [1]. Finally, the network
simulations prove how channel contention is decreased, leading
to a higher protocol efficiency and throughput. Future research
will test this scheme in a multi-rate system.
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