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Abstract—In Single-Input Single-Output (SISO) wireless
multi-hop networks, when two or more stations attempt to
transmit at the same time in the same vicinity area, a collision
will occur. In this case, the collided packets are discarded and
then retransmitted later. In order to deal with collision and to
maximize the system’s throughput, we propose a new cross-layer
design based on multiple transmit and receive antennas (MIMO)
capabilities, called MIMOMAX. Transmit filter, receive filter and
channel state information (CSI) are exchanged between the PHY
and MAC layers to optimize the scheduling of simultaneous
transmissions on the same channel. The performance evaluation
is conducted using OPNET simulation tool. The results obtained
through extensive simulations are compared with those of IEEE
802.11b/g/n single-hop and multi-hop wireless networks. We
show that MIMOMAX is less efficient (low throughput and
long delays) for single-hop networks. This is due to an under-
utilization of channel Degrees of Freedom (DoFs). However, it
always performs better (high throughput and low packet delay)
than the 802.11b/g/n wireless multi-hop networks: up to 30%
and 87% as improvements in network throughput compared to
the IEEE 802.11n and IEEE 802.11g networks respectively. In
addition, we illustrate that MIMOAX is robust and resists to the
early network saturation problem.

Keywords—Multi-hop ad hoc network, Cross-layer, MIMO,
Performance analysis.

I. INTRODUCTION

IEEE 802.11n [1] is the first wirless local area network
(WLAN) standard based on MIMO-OFDM systems. It signif-
icantly improves range, data rate (up to 600Mbit/s) and link
reliability than the current WLAN amendments (802.11a/b/g).
Such advantages can be used to enhance the quality of
service (QoS) of the high-data-rate applications in multi-
hop radio networks. Indeed, many studies [2], [3], [4], [5]
have investigated the impact of IEEE 802.11n MAC and
Physical protocols on the performance of multi-hop wireless
networks. It was noticed a significant improvement in terms
of throughput. However, the IEEE 802.11n MAC protocol
does not fully exploit the capabilities of the Physical layer
(PHY) like multiple simultaneous transmissions from multiple
nodes in the same collision area. Thus, some recent works [6],
[71, [8], [9], [10], [11], [12], [13] on cross-layer MAC pro-
tocols design have been proposed to offer the functionality
of parallel transmissions without interference. The idea is
to distribute the spatial degrees of freedom (DoFs) between
spatial multiplexing combined with beamforming and spatial
nulling in the presence of concurrent transmissions. However,
very little simulation results in those works have been done

to illustrate the positive impact of MIMO systems on network
performance. This paper presents MIMOAX, a new cross-layer
design based on MIMO systems to facilitate the PHY-MAC
dialogue. The cross-layer parameters include: transmit filters,
receive filters and channel state informations (CSI). MIMMAX
performance evaluation is conducted through simulations using
the simulator OPNET [14]. We carry out a comparative study
with IEEE 802.11b/g/n single-hop and multi-hop wireless
networks in terms of overall throughput and end-to-end delay.

A. Contributions

The main contributions of this paper can be summarized
as follows:

e  We propose a new cross-layer framework for MIMO
ad hoc networks combining spatial-division multiplex-
ing, beamforming and spatial nulling;

e  We develop and integrate a new module for OPNET
simulator which implement our cross-layer function-
ing. The module is available for downloading at [15];

B. Outline

Section II describes the proposed cross-layer framework,
MIMOMAX. The simulation model and performance results
are given in Section III. The final section concludes this paper
with remarks for future work.

II. MIMOMAX: MIMO-BASED MAC/PHY
CROSS-LAYER DESIGN

In this section we briefly describe our MAC centric cross-
layer approach. We assume the following hypotheses:

e  FEach node is equipped with M antennas;

e The MIMO channel matrix H sy« s can be estimated
using training symbols integrated in control packet
headers;

e The MIMO channel matrix Hjy;« s remains static
during the 4-way handshake RTS/CTS/DATA/ACK;

e The MIMO channel matrix Hp;x s is identical in
uplink and downlink directions, i.e., Hpsx ps 1S recip-
rocal.Otherwise, a calibration process is required [16].

In order to achieve higher overall network throughput
using multiple antennas, our scheme applies spatial-division



multiplexing with beamforming techniques (B-SDM) at the
PHY layer. B-SDM [17] consists on transmitting multiple spa-
tially orthogonal data streams by TX beamforming, while the
receiver uses the zero-forcing (ZF) [17] to cancel interference
using some of its spatial receive degrees of freedom. This
transmission technique improves the received signal strength
and maximizes the MIMO channel capacity. For this pur-
pose, the MIMO channel H between the TX and RX anten-
nas is orthogonalized by using singular value decomposition
(SVD) [18]. The SVD decomposition can be expressed as

H=UAV*, (1)

(A== Au).

Here, diag (-) denotes a diagonal matrix of real and non-
negative singular values. Each singular value, \;, represents
the received signal strength (RSS) of the transmitted data
stream at the receiver. U and V are M x M orthonormal
matrices. The M columns of U and V are the left-singular
and right-singular vectors of H, respectively. To form an
orthogonal multi-beam space between the TX and RX an-
tennas, we use the right-singular vectors (V) as TX filter.
At the receiver side, we simply multiply the received signal
by the conjugate transpose of left-singular vectors (V*). To
ensure a good understanding, let us denote: the vector of
transmitted streams by s(t) = [s1(t)s2(t) - - - sx(t)]” (k < M),
the vector of received streams before filtering by r(t) =
[r1(t)ra(t) - - r(t)]", the vector of received streams after
filtering by w(t) = [wy(t)wa(t)---wk(t)]”, and the noise
vector by n(t). The signal s(¢) transmitted by the source is
first multiplied by the TX filter (V'), and then by the channel
matrix H. The received signal before filtering can be written
as:

r(t) = HVs(t) + n(t)
=UAV*Vs(t) + n(t)
= UAs(t) + n(t). 2)

By applying the RX filter U* at the receiver, we obtain

w(t) =U"r(t)
=U"UAs(t) + U*n(t)
= As(t) + U"n(t). 3)
As a result of \y > Xy > .-+ > Ap;, we have
RSS(w;(t)) > RSS(wa(t)) > - -+ > RSS(wy(t)). The concept
of B-SDM is illustrated in Figure 1.

The maximum number of spatial streams supported on a
MIMO channel is M (remember that each node is equipped
with M antennas). When a source node has less spatial streams
to transmit, other source nodes sharing the same channel can
simultaneously transmit in the limit of the available degrees
of freedom (DoFs) of the channel. Thus, new transmissions
do not interfere with the transmissions in progress. To do this,
each potential source node must ensure that its signal will be
canceled by all active receiving nodes in its collision area, and

Fig. 1.

Spatial-division multiplexing with beamforming technique.

each potential receiving node must ensure that it is able to
cancel the signals of all active source nodes in its collision
area. This problem can be formulated as an optimization
problem and resolved at the MAC layer based on the cross-
layer parameters transmitted by the PHY layer.

The physical (PHY) and MAC layers collaborate to ex-
change cross-layer parameters: TX/RX filters and the channel
state information (CSI). Each node should maintain a list of
the current transmitting and receiving neighbors, their TX/RX
filters and CSIs. RTS/CTS/DATA/ACK frames exchange could
be used for this purpose. Additional MAC header fields are
added for knowledge discovery process. Each TX/RX filter in
the list has a validity time equal to the time specified in the
corresponding MAC header duration field.
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Fig. 2. wireless network scenario.



To illustrate our protocol functioning, let us consider the
network shown in Figure 2. Each node is equipped with 3
antennas, and therefore the number of DoFs available in the
MIMO channel is limited to 3. We suppose that a node A wants
to communicate with B and C wants to communicate with D.
First of all, the node A sends a Request-to-Send frame (RTS)
to node B using the default TX filter. For example, [1 1 1]/+/3.
The vector is normalized to have the same average power gain
over all transmitting antennas. When the node B receives the
RTS frame, it estimates the MIMO channel matrix between the
nodes A and B, H 4p. Using the SVD decomposition, and as
explained above: the RX filter is set to the first column of Uy 4
and the TX filter to V ;. Next, The node B sends a Clear-to-
Send frame (CTS) to node A using its TX filter Vg ;. When the
node A receives the CTS frame, it estimates the channel matrix
Hp4 and extracts its channel matrix H p from the MAC
header. To ensure the channel reciprocity, a calibration process
is required [16]. Using the SVD decomposition, the node B sets
its RX filter to U}, ; = Uf ; (because Hap = Hp4), and the
TX filter to V,4,1. When the nodes C and D hear the RTS/CTS
frames, they estimate the effective channels { Hsc, Hgc} and
{Hap, Hpp}, respectively. These values should be taken into
account in the adjustment of the TX/RX filters for the duration
of time specified in the MAC header duration field. Finally,
the node A sends a data frame using its TX filter V4 ;. After
successful reception, node B replies with an ACK using its
TX filter Vp ;. Figure 3 shows the above steps. Note that the
node A can transmit three simultaneous data streams.
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Fig. 3.  Four-way handshake to establish communication when the channel

is idle.

If the node C wants to initiate a second transmission to
the node D without interrupting the active session between the
nodes A and B, it should adjust its TX filter Vo 1 such that its
transmitted signal will be nullified at A and B. In other words,
the two constraints should be satisfied by Vi are

Ui HoaVe =0
Up HepVea =0

The node D adjusts its weight vector Vp 1 in the same
way that the node C. Figure 4 illustrates the communication
process between C and D.

Utilizing MIMO with MIMOMAX in wireless ad hoc
networks is similar to using directional antennas. Both are able
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Fig. 4. Four-way handshake to establish parallel communication when the

channel is busy.

to concentrate the transmission energy in one directions instead
of all directions which improves the received signal strength.

III. SIMULATION MODEL AND RESULTS

Our simulation model is developed and tested under the
OPNET Modeler version 17.5-PL5 [14]. The module is avail-
able for downloading at [15]. Through three network topolo-
gies and different scenarios, we measure the overall network
throughput and the average end-to-end delay. We compare the
performance of cross-layer framwork with different WLAN
amendments (IEEE 802.11b/g/n).

A. Implementation of our cross-layer framework in OPNET

To implement the proposed cross-layer framework we have
used the OPNET modeler. For simulation simplification, we
have assume that each station in the ad hoc network is
equipped with three antennas. The hierarchical structure of any
station in the network has: an upper layer modules (transport
and application) to generate and receive UDP/CBR traffic, a
network module implanting the routing protocol AODV [19],
a MAC/cross-layer module, three radio transmitter modules,
and three radio receiver modules. Figure 5 illustrates the
node model expressed in terms of smaller building blocks
called modules. The MAC/cross-layer module contains the
CSMA/CA process combined with our cross-layer function-
ing (see section II). It calculates the transmit and receive
filters from the MIMO channel matrix. The radio receiver
module implements the Zero-Forcing (ZF) approach including
interference cancellation. It estimates and informs the upper
layer about the channel matrix. The radio transmit module
implements the B-SDM technique ans applies the transmit
filter.

B. Simulation parameters

The parameters used in our simulations are described in
Table 1. The transmission range is calculated by the following
formula:

A =0.125m
Packet Reception-Power threshold = —95dbm= 10~12-5W/

.. -3 ] 2
Transmission range = \/SXﬁ%,ljéig%;SS) = 1250.79m
(€]
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Fig. 5.

Node model for MIMOMAX implementation.

C. Single-hop connection scenario

In this scenario (Figure 6), we consider a single-hop
network connection. Two stations are randomly placed within
the transmission range of each other. A station A sends a
CBR traffic toward station B. We repeat the simulation 100
times, using each time a different seed value. We compare the
overall throughput and end-to-end delay of the MIMOMAX
framework with IEEE 802.11b/g/n amendments. For the IEEE
802.11n amendment, we apply the HT-mode with one and two
spatial streams (NSS=1 and NSS=2).

——1

Fig. 6. Single-hop connection.

From Figures 7 and 8, we observe that the HT-mode with
NSS=2 always performs better than MIMOMAX: up to 2
times more throughput and 2 times less end-to-end delay. This
difference can be explained by the low number of DoFs used
for the traffic flow transfer. Thus, the HT-mode with NSS=2
uses 2 DoFs for data streams transmission while MIMOMAX
uses 1 DoF and allocates the remaining DoFs for spatial
nulling if concurrent transmissions occur, which leads to under-
utilization of channel DoFs. We also observe that MIMOMAX

TABLE 1. SIMULATION PARAMETERS.
[ Type [ Parameters [ Value
Free Space Model
) ) Wave-Length () Trequency
Radio propagation Loss Factor .
Gain of the transmitter antenna 1.0
gain of the receiver antenna 1.0

number of transmit antennas
Number of receive antennas
physical characteristics

1
1
Direct Sequence

Data Rate 11 Mbps
IEEE 802.11b Transmit power SmW
Packet Reception-Power threshold | -95dbm
RTS threshold 1500bytes
Buffer size 1024000bit s

number of transmit antennas
Number of receive antennas
physical characteristics

1
1
Extended-Rate PHY

Data Rate 48 Mbps
IEEE 802.11g Transmit power SmW
Packet Reception-Power threshold | -95dbm
RTS threshold 1500bytes
Buffer size 102400003t s
number of transmit antennas 3
Number of receive antennas 3
IEEE 802.11n physical characteristics HT PHY 24GH=z
Data Rate 216.70 M bps
Transmit power SmW
and Packet Reception-Power threshold | -95dbm

RTS threshold 1500bytes
Buffer size 102400004t s

MIMO Cross-layer Guard Interval 400n s
Greenfield Operation Enabled
Number of Spatial Streams (NSS) {1,2}
Area 10km?

Topology Number of nodes {2,430}

Mobility model Static network
Routing Protocol AODV
Type of traffic CBR/UDP

Routing and Traffic

Packet size
Packet Inter-arrival time

uniform(2000, 200000)
0.002s
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and HT-mode with NSS=1 have almost the same performances
due to the use of only 1 DoF for data transmission. However,
the performance of IEEE 802.11g network is lower than that
of HT-mode with NSS=1 and MIMOMAX networks due to the
MAC layers enhancements: short guard interval (400ns), frame
aggregation, Block ACK and TXOPs. The performance of the
IEEE 802.11b network is quite poor (the worst performances).
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D. Cross Transmissions scenario

In this scenario (Figure 9), we consider two simultaneous
transmissions over a single collision domain. Four stations are
randomly placed within the transmission range of each other.
A station A wants to communicate with B and C with D. As
in the previous scenario, we repeat the simulation 100 times.

-

Fig. 9. Concurrent transmissions in the same vicinity area.

From Figures 10 and 11, unlike the previous scenario, we
observe that MIMOMAX and HT-mode with NSS=2 networks
have almost the same overall throughput and end-to-end delay.
For the HT-mode with NSS=2 network, each station reserves
2 DoFs for data streams transmission at each slot time in the
collision domain. Transmissions A — B and C — D
cannot occur simultaneously because there are not enough
available DoFs on the channel to admit 4 spatial streams. As
discussed in section II, we recall that the channel should have
7 DoFs to allow 4 simultaneous spatial streams transmission.
With MIMOMAX, the transmission A — B uses 1 DoF
and the other transmission C' — D uses 3 DoFs: 1 DoF
to transmit and 2 DoFs to signal nulling of (from/to A and
B). To summarize, for both protocols (MIMOMAX and HT-
mode with NSS=2) and using three antennas per station, the
channel supports two spatial streams which explains why their
performances are similar. The small difference (about 4%),
can be explained by the fact that with using the HT-mode
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Fig. 10.  Throughput of a single-hop wireless network using concurrent
transmissions.
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Fig. 11. Delay of a single-hop wireless network using concurrent transmis-

sions.

with NSS=2 there is an overlapping of the backoff decrement
periods, which leads to a smaller time interval between two
TXOPS.

As the previous scenario, figures 10 and 11 confirm that
the two HT-mode with NSS=1 and IEEE 802.11g networks,
exhibit almost the same performance with a small difference
(about 1-2%).

E. Multi-hop Network Scenario

In this scenario we consider a fixed multi-hop network
of 30 stations randomly located. We vary the number of
CBR/UDP connections form 1 to 10. We focus on results for
2 and 5 CBR connections. This choice has been motivated by
the fact that the network behaves in the same way as with 2
CBR pairs when using 1, 3 and 4 CBR pairs on one hand, and
as with 5 CBR pairs (phase-transition) when using 6 up to 10
CBR pairs on the other hand. Each source-destination pair is
selected randomly.

Figures 12 and 13 illustrate the total network throughput
and the end-to-end delay attainable in the multi-hop network.
Unlike the previous scenarios, we observe that MIMOMAX
always performs better than all the other protocols. Table II
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TABLE II. OVERALL THROUGHPUT IMPROVEMENT USING THE
MIMOMAX.
2 CBRs 5 CBRs
HT-mode with NSS=2 30% 46%
HT-mode with NSS=1 70% 87%
802.11g 74% 87%
802.11b 88% 97%

illustrates the improvements in the overall throughput made by
MIMOMAX compared to the other protocols.

The good performance (high throughput and low packet
delay) of multi-hop networks based on MIMOMAX can be
explained by the traffic/load distribution over multiple nodes in
the same collision area with low rates (only one DoF for each
data stream transmission). Consequently, as the network load
becomes very high, the other protocols drop packets faster than
with MIMOMAX. This is mainly due to: 1) the good network
traffic distribution with low rate in the case of MIMOMAX,
and 2) the high network congestion in the case of other
protocols. When the number of the CBR connections increases,
the network keeps high performance with MIMOMAX. We
can observe severe degradation in throughput and delay of the
other protocol after the saturation point is reached. However,
MIMOMAX resists to the early network saturation problem
which proves its robustness.

IV. CONCLUSION

MIMO systems have emerged as a promising solution to
increase the network capacity and to offer better quality of
service for high data rate applications. To fully exploit the
benefits of MIMO systems in multi-hop wireless networks,
a specially designed MAC protocol is needed. We have pro-
posed a cross-layer design (MIMOMAX) enabling simultane-
ous transmission on the MIMO channel by multiple stations
which are in the same collision domain. In order to evaluate
its performance, we have implemented and integrated a new
module in OPNET. We have conducted extensive simulation
study to provide a comparative analysis of our framework with
the IEEE 802.11b/g/n amendments in single-hop and multi-
hop network context. We have observed that our solution has
the best performance in terms of overall network throughput
and end-to-end delay under a multi-hop network scenario. It
achieves up to 30% and 87% as improvements in network
throughput compared to the IEEE 802.11n (HT-mode with
two spatial streams) and IEEE 802.11g standards respectively.
When the network load is very high, MIMOMAX remains
robust and resists to the early network saturation problem.
However, MIMOMAX is less efficient for single-hop networks
compared to the other protocols. This is due to the DoFs reser-
vation to null potential concurrent transmissions. As future
work, we plan to enhance our solution by using dynamically
the available DoFs for high local spatial multiplexing. The
variable rate encoding and traffic scheduling issues will be
addressed.
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