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Fig. 1. Accuracy of the approximate performance analysis with £ = 1. The
form (T'; R) means T transmit and R receive antennas.

be ruled by some protocol in order to maximize aggregate
throughput, typically by using limiting techniques for the
interference level at each receiver. In Sec. IV-B, we will give
more detailed insights on how Packet Error Rate (PER) is
affected by superimposed transmissions in a properly designed
MIMO network.

IV. NETWORK PERFORMANCE EVALUATION

In this section, we describe the network settings that we
used to test the accuracy of the approximate approach to
BER calculation, when applied to the performance simulation
of an ad hoc network with multiple antennas and MIMO
communications.

A. Parameters and MAC Protocol

Our protocol is based on an exchange of control messages
preceding data transmission. We call these messages Request—
to—Send (RTS) and Clear—to—Send (CTS), according to the
common 802.11 DCF terminology [6]. Each correct data
reception is followed by an ACK message. We suppose that
transmissions are organized in frames, so that all nodes want-
ing to transmit send first an RTS, then all pinged receivers may
respond with CTS if they want to grant the transmission: data
and ACKs also follow the same synchronization. Even if it may
seem a major assumption, note that this kind of frame—level
synchronization will be applicable to our network in an easy
way, as we will study protocol performance on a completely
connected network. Moreover, recall that slot synchronization
is currently achievable in the 802.11 family of protocols. A
study on the impact of unsynchronized transmissions is beyond
the scope of this work.

For our study, we consider a total of 25 nodes on a 5 x 5
square grid with a 25 m spacing between neighbors. Nodes
have 8 antennas each and use BPSK for transmission. The
number of bits per packet is constrained to 200 for RTSs,
CTSs and ACKs, and to 1000 bits per transmit antenna for
data. For example, a 2000-bit packet could be either sent in a

single frame by feeding two different 1000-bit streams to two
different antennas, or split between two frames, using a single
transmit antenna in each of them.

Packets are generated according to a Poisson process whose
intensity is A packets per second (per node) and randomly
assigned a length in the set 1,2, 3,4 x 1000. Unsent packets
are backlogged.

In order to allow receivers to estimate channel effects under-
gone by incoming streams, each transmitted packet contains a
proper training sequence. Nodes can anyway estimate up to a
maximum of Ny training sequences, thus limiting the number
of sumperimposed receivable flows. Each unestimated signal
produces an uncancellable interference contribution as in (1).
We set N; = 32.

RTS messages are sent to the destinations of the first packets
in the queue and, if possible, including multiple requests
toward multiple nodes. Each request carries the corresponding
number of transmit antennas to be used. When composing
CTSs to allow one or more nodes to transmit, receivers apply
a Neighboring Traffic Adaptation (NTA) policy that aims at
protecting data from undesirable interference, while at the
same time preserving at least some wanted incoming streams.
More in detail, NTA saves N,/2 sequences for interference
cancellation purposes only. The remaining N, /2 are allocated
by giving the priority to at least one 1000-bit stream meant
for the receiver, but then choosing what channels to estimate
in order of decreasing received stream power. If the stream
considered is directed to the node, then it grants it in the
CTS, otherwise it saves a training sequence for inteference
estimation and cancellation. This structure is flexible and
offers senders the chance to address multiple receivers in a
single frame. If such behavior should turn into unmanageable
traffic requests, receivers protect themselves from excess traffic
by granting and specifically decoding (in the extreme case)
one single 1000-bit stream, while saving all other training
sequences to estimate and cancel the interfering flows. We
stress that NTA is a good example of cross—layer design, as
the MAC layer is informed by the physical layer of per—stream
received power, and thereby enabled to decide the preferred
subset of received streams to be explicitly decoded, either
for throughput or interference cancellation purposes. These
decisions are then fed back to the PHY layer which performs
spatial demultimplexing according to MAC layer orders.

Data is then stream—wise ACK’ed upon correct reception,
an important feature that enables decoded 1000-bit streams
not to be wastefully sent twice. When all streams belonging
to a packet are ACK’ed, then the packet is removed from the
node queue. Just like RTSs and CTSs, ACKs also include all
acknowledgments to be sent by a node to its transmitters in
that frame.

Two backoff techniques are used to limit excess transmission
attempts in congested portions of the network. If the CTS
corresponding to an RTS is not received, the node defers
transmissions for a number of frames uniformly chosen in
the interval [1, Bioz]- Bmasz 18 increased exponentially in
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Fig. 2. Average throughput as a function of network load, simulation and

approximate approach.

the number of failures Ny, following the relation Bpar =
W - 2Nrea =1 with W a start value which we set to 163 We
distinguish between restraining from starting any other trans-
mission upon any failure (Node—Lock), which is a commonly
used backoff technique (e.g., similarly to standard 802.11 [6])
and blocking transmissions to a specific unavailable destination
at a time (Dest—Lock), expecting the first to be aggressive, and
the second to be a more conservative policy.

B. Results

We have implemented a MATLAB simulator to test our
network scenario described, both with per-bit simulation and
using the approximate approach devised in Sec. III, with ¢ = 1.

As a first result we wish to show that the network setup
described in Sec. IV-A reaches the objective to allow for
multiple communications to simultaneously co-exist in the
same network neighborhood, without necessarily destroying
one another. To this extent, in Fig. 2 we depict the average
network throughput as a function of offered traffic A, defined
as before. Throughput is defined as the average number of
1000-bit streams that are heard and decoded correctly by their
intended receiver (per frame). Depending on the backoff policy
employed, throughput reaches a maximum (simulated) value
of about 11.4 for Dest-Lock and about 8.3 for Node—Lock,
showing that the first policy is more aggressive in transmission
attempts as expected. Notice also that in an 802.11 completely
connected network, the maximum number of such streams that
could have been transmitted per frame is bounded by 1, as
RTSs or CTSs reach all nodes during preliminary handshakes,
thus blocking all but one radio link.

In Fig. 2, the performance prediction obtained using the
approximation method of Sec. III is also shown. We see that
both Node—Lock and Dest-Lock behavior is predicted with

3We have found that this is a good value to balance defence from network
congestion (thus backoff performance) and average packet transmission delay,
which increases with W, on the average. We will not focus on this trade—off
here due to lack of space.
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Fig. 3. Average ratio of successfully decoded 1000-bit packet fractions to
sent ones as a function of network load, simulation and approximate approach.

high precision in the uncongested region, where the network is
sufficiently unloaded, so that throughput increases linearly with
offered traffic. As the saturation region is approached, Node—
Lock is very well approximated by the analytical approach,
whereas for Dest—Lock the predicted maximum throughput
1s lower than the simulated one. As a matter of fact, the
approximation accuracy is strongly dependent on the amount of
unestimated and uncanceled interference affecting the received
signal. Note that this kind of impairment does not arise due to
the low number of lockable training sequences Ngbut rather
due to the very protocol used. When performing RTS/CTS
exchange in the first part of a frame, all transmitters send their
RTSs, so that all receivers hear them simultaneously and build
an as precise as possible estimate of the data traffic that will
follow. RTSs also contain the number of antennas to be used,
thus receivers may forecast how many sequences to reserve
for interference cancellation. If, due to the CTS construction
policy, a node is allowed transmission with fewer antennas than
asked for, then some reserved sequences could be wasted for
transmissions that do not actually take place. This phenomenon
occurs much more frequently at higher traffic values, and even
more for Dest-Lock, which allows more transmission attempts.
Thus the approximation performs worse at high traffic, for
aggressive MAC policies.

In Fig. 3, further evidence of this behavior is given, by
showing the average ratio of transmitted 1000-bit streams per
frame to correctly decoded ones. This quantity is meant to
give a measure of packet success ratio in a more precisely
characterized network scenario, where effects due to, e.g.,
access protocols and different received stream powers are
included, thus depicting a globally more realistic performance
than could be predicted by BER evaluation as in Fig. 1. As
expected, there is a small difference between simulated and
approximate success ratios for Node—Lock (around 2%), which
grows for Dest—Lock up to 7.5%, explaining the behaviors in
the throughput graph.

Other relevant performance metrics are predicted with fairly
good precision by the analytical approximation. In Figs. 4
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Fig. 4. Average delay for a complete successful packet transmission as a
function of network load, simulation and approximate approach.

and 5, we depict the average time elapsed (in frames) from
when a packet is generated to the successful transmission of
all its 1000-bit streams, and the average number of activated
transmitter—receiver links per frame, respectively.

The first metric is accumulated for those packet that incur
complete successful transmission only (i.e., those that are not
discarded due to timeouts), and is consistent with the trends
observed in the throughput and packet success ratio results.
Average delay is in fact very well predicted for NTA along
with the Node—Lock policy, but a slight increase for Dest-Lock
is experienced. The same reasons that explain why success
ratio and throughput are lower in this case also apply here,
because the higher number of transmission failures, predicted
by approximation at high traffic, tends to lower throughput and
also augment delay for complete packet transmission. Node—
Lock instead is able to reduce the amount of unestimated
interference affecting the data transmissions in each frame,
but indeed leads to greater delays, as it expectedly forces any
failing node to stop any transmission for the prescribed time.

The number of links activated in the network per frame (each
possibily implying transmission with more than one antenna) is
shown in Fig. 5. There a further clue about the high degree of
parallelism reachable with our devised MAC protocol is given,
along with insights on the differences between Node-Lock and
Dest—Lock. Since the approximation gives satisfying results
in both cases, we wish to focus here on network behavior.
In saturation, Node-Lock can support a lower number of
activated links than Dest-Lock, as expected, but allows for
a stronger network activity for low traffic. This is due to the
aggressiveness of Dest—Lock, which upon failure in receiving
a CTS, lets nodes try a transmission to different neighbors in
the following frames. Hence, more requests are injected in the
network and receivers are forced to use CTSs for reducing the
amount of spatial multiplexing allowed to senders, explaining
the lowest slope of the Dest—Lock curve before reaching higher
performance in the saturation zone.
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Fig. 5. Average number of simultancously activated data links per frame in
the whole network as a function of network load, simulation and approximate
approach.

V. CONCLUSIONS

When simulating network level performance in ad hoc
networks, a feasible and sufficiently accurate analytical ap-
proximation of physical behavior is of paramount importance
in order to get statistically meaningful results in reasonable
time.

In our work, we considered a MIMO ad hoc network where
spatial multiplexing capability offered by multiple antennas
and properly designed receivers is exploited. In order to speed
up simulation results, we deployed an analytical approximation
for the algorithm driving signal separation at the receiving
stage, showing that it offers satisfactory results and charac-
terizing its performance under different network protocols. A
cross—layer designed MAC policy including backoff has been
evaluated through simulation and approximation, specifying
when and why analytical predictions are more or less accurate.
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