
 

   
Abstract—In this paper, we investigate in the context of multi-

hop ad hoc wireless networks the impact of combined multi-rate 
and packet forwarding and routing operations on the throughput 
performance of the system. Our models and analysis results 
reveal key performance and design options involving the cross-
layer operation of such networks. We carry out mathematical 
analysis in computing the transport throughput performance of 
the network under the use of different modulation/coding 
schemes (MCSs) that operate at different data rates. The medium 
access control (MAC) scheme is assumed to be based on a random 
access (pure ALOHA type) protocol.  In configuring the 
parameters of the employed MCS, we use the Information 
theoretic (Shannon’s) capacity formula, as well as settings that 
are based on IEEE 802.11 implementations.  The results provide 
characterizations of the network’s (end to end) throughput 
performance in terms of the underlying physical (and certain 
MAC) layer parameters  in combination with the setting of the 
link and network layer involved packet forwarding range and 
routing scheme configuration.  Our models provide important 
guidelines for the design of such rate adaptation algorithms and 
for the selection of the involved parameters and schemes at the 
physical, link and network layers. 

I. INTRODUCTION 
Multi-hop wireless ad hoc networks have been widely 

studied over the past few years. As noted in [1], the attainable 
throughput capacity for such networks is subjected to 
fundamental scalability limits.  It is therefore important to 
implement mechanisms that serve to utilize the available 
capacity resources in an effective manner. Optimal routing 
strategies have been studied in aiming to upgrade the effective 
use of network layer capacity resources.  It has been proposed 
that advanced physical layer technologies enabling higher 
transmission data rates be dynamically and adaptively 
configured in operating such communication network systems. 
It is clearly of prime interest to adapt the parameters of the 
nodal MCS to enhance the throughput performance of the 
multi-hop ad hoc wireless network. In this paper, we consider 
such operations under the use of a random access medium 
access control (MAC) protocol.  We develop modeling 
methods that enable the design and performance analysis of 
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hop level packet forwarding and routing strategies, employed, 
in conjunction with the dynamic setting of the selectable 
modulation / coding schemes (MCSs). 

From physical layer performance point of view, it may be 
preferable to employ a high data rate transmission across a 
single point-to-point link, whenever feasible. However, a high 
data rate transmission may require a higher level of acceptable 
SINR (Signal to Interference and Noise Ratio) at the intended 
receiving node. This may lead to reduction in the network’s 
realized average spatial reuse factor (SRF) and /or the use of 
shorter link layer communication ranges. From network layer 
point of view, a flow may then have to be transported along a 
route that contains a larger number of hops. This produces 
higher internal traffic loads, leading to network congestion 
which tends to reduce the gains attained by using higher 
transmit data rates. Thus, by increasing the nodal transmit rate, 
one is not necessarily attaining an overall upgraded end-to-end 
throughput performance behavior. While multi-rate operations 
have been widely considered in the context of a cross layer 
MAC control problem, its cross layer impact on network layer 
operations is largely unexplored.  This paper reveals such 
cross-layer issues involving the physical, link, and network 
layers by mathematically analyzing the performance of 
different routing strategies using multitude of MCSs in and 
employing an Aloha MAC at the link layer. For illustration 
purposes, we provide analysis and performance evaluations 
that are based on the use of information theoretic capacity 
formula as well as on IEEE 802.11a MCS implementations.  

II. RELATED WORKS 
The transport capacity of a wireless network with n nodes is 

noted in [1] to be of order O(n1/2) bit-meters per second. In [2], 
routing strategies that employ hops of different length have 
been studied.  It is shown that routing over fewer but longer 
hops may yield better energy efficiency than that attained 
under nearest-neighbor routing. However, the associated 
impact of channel interference and medium access effects have 
not been modeled and accounted for. In [3], the expected 
maximum density of ‘progress’ under a slotted Aloha MAC 
has been evaluated. These studies have not addressed the 
impact of using a multitude of modulation/coding schemes. 
The work in [4] has investigated the optimum physical carrier 
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sensing range that maximizes the throughput performance, by 
taking into account multi-hop forwarding and the variable 
transmission ranges realized under he use of different transmit 
data rates. A number of works have studied cross layer 
strategies that jointly involve PHY and MAC layers. In [4]-[6], 
performance tradeoffs involving the system’s spatial reuse 
factor and the message capture probability are noted.  An 
optimal carrier sensing threshold is calculated to maximize the 
spatial reuse factor achievable in an IEEE 802.11-based ad hoc 
network operation, when regular topologies are assumed. In 
[7], the authors have developed an optimal cross-layer rate 
control scheme that jointly computes rate allocation and a 
stabilizing schedule. In [11], it is indicated that the hop 
distance range and the employed MCS should be jointly 
selected to yield the highest throughput capacity level for a 
multi-rate capable multi-hop network system. To date, few 
published works have mathematically characterized and 
studied the performance tradeoffs involved in the selection of 
the MCS and the ensuing throughput performance attained by 
the underlying multi-hop ad hoc wireless network system. The 
purpose of this paper is to carry out such an investigation for a 
multi-hop ad hoc network system under the use of a random 
access MAC scheme. 

III. SYSTEM MODEL AND MAC LAYER CHARACTERIZATION 
Consider an ad hoc wireless network. Nodes form 

communication links with their direct neighbors, when 
feasible, for the purpose of routing their packets to their 
corresponding destinations in a multi-hop fashion. The nodal 
transmission power is fixed. Half-duplex radios are used. 
Nodes are spatially distributed in accordance with Poisson 
process over a plane of infinite scope, at spatial intensity υ 
over the plane R2. Let the location coordinates of station i be 
denoted by Xi and Φ = {Xi}. A SINR interference model is 
used. For our analytical derivation, we assume a path loss 
model under which the channel gain function GXY is a 
decreasing function with respect to link distance, GXY = l(|X - 
Y|). Specifically, we consider in this study the power law path 
loss model, under which the signal power attenuates in 
accordance with the inverse of the power of the distance 
between the involved link’s two end-stations; i.e., GXY = κ|X - 
Y|-α where κ is a path loss constant, and α is the attenuation 
factor, α>2. Our modeling can also be applied when other 
channel gain functions are incorporated. 

A. Aloha MAC 
We consider a system that employs a pure (unslotted) Aloha 

scheme as its link layer MAC protocol. Each station is 
assumed to always contain a nonempty transmission queue. 
Packets are of constant length, each containing a b-bit data 
unit. (Our analysis can be readily extended to include variable 
length packets.) The transmission time of a packet is calculated 
to last for T seconds.  This value depends on the employed 
nodal transmit rate (characterizing the underlying MCS), and 
on the preamble transmission time. Upon completion of a 

transmission, an idle station (a station that is not currently 
transmitting) resumes transmission after a random idle period 
that is exponentially distributed with an average duration of 
1/λ sec. If at this time, the station is engaged in the process of 
receiving another packet from the radio medium, we assume it 
to drop the latter packet. Of course, the implemented system 
may queue the later packet until it completes its on-going 
reception.  Noting that the probability of such a joint event is 
rather low, this assumption is used to simplify the 
mathematical analysis while generally yielding results that are 
quite precise. If packet transmission fails, the station will 
proceed to retransmit the packet after a random delay; the latter 
is assumed to follow an exponential distribution with mean 
1/λ. To characterize the performance of such a multi-hop 
network when loaded by a wide variety of spatially distributed 
flows, having a multitude of source-destination pairs, we 
assume that a station selects the intended receiver for a 
transmitted packet at random from among its link layer 
neighbors. 

B. MAC Layer Throughput Performance Analysis  
Suppose that a node located at the origin, identified as node 

0, has a newly generated packet destined to a node located at Y 
and starts transmitting it at time τ, using an MCS that induces a 
transmit data rate rc. The minimum required received SINR 
level for this MCS is denoted as γ = γ(rc). Define ei(t) as the 
medium access indicator of station i at time t. We set ei(t) = 1 
if station i is transmitting at time t; ei(t) = 0 otherwise. Let Φ1 
represent the set of node locations that are transmitting during 
the time that node 0 is transmitting to node Y (i.e., the 
interfering nodes), excluding node 0. 

1 { | [ , ] : ( ) 1} \{0}i iX t T e tτ τΦ = ∃ ∈ + =             (3-1) 
Then Φ1 represents a Poisson distributed set of node 

locations with intensity υ(1-Pidle), where 
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since the nodal mean idle period is 1/I λ= , and its mean busy 
period is equal to B T= . 

The probability of successful transmission from 0 to Y at 
rate rc is denoted as Ps and is given by: 
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where P denotes the common nodal transmit power level. The 
aggregate interference level (measured at a nodal receiver) has 
been shown in [8] to be convergent for α > 2. In contrast to 
models presented in previous works that explicitly estimate the 
aggregate interference power level ([8], [3], and [9]), we 
approximate the probability of capture by considering the 
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major interfering signal as the dominant component. This 
simple approximation reduces the interference model’s 
complexity and allows us to proceed with detailed 
investigation of the underlying multi-rate multi-access 
problem. Such an approach has been shown in [11] to yield 
accurate results, in comparing the analytical results with 
simulation evaluations, when the loading level is not overly 
high. It is compatible with the observation made in [10] noting 
that the received power level measured at a node due to 
reception from the nearest interferer is of the same order as the 
total interference contributed by signals emitted across the 
entire network. 

Denote the location of the closest transmitting node (other 
than 0) to Y by X(1), i.e., 

1

(1) arg min | |
i

iX
X X Y

∈Φ
= −               (3-4) 

The probability of capture is then approximated as: 
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By Conditioning on |Y| = y, the probability of successful 
transmission is written as: 
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Note that the distance between an arbitrary node and its 
closest neighbor for a network where nodes’ locations are 
governed by a spatial Poisson process is Rayleigh distributed 
([2]). The probability density function of the random variable 
representing the distance |X(1) - Y| is therefore given by: 
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When a power law path loss model with κ = 1 is used, we 
obtain 
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where [x]+ = max (0, x). The overall network load intensity G 
and link layer throughput intensity conditioned on link 
distance y (S|y) are, respectively, given by 
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where Rmax is the maximum configured transmission range for 

the underlying data rate rc and transmission power P. The value 
of Rmax is upper-bounded by the range calculated when there 
are no interfering transmissions, and may be designed to 
introduce extra SINR margin.  

C. Modulation Coding Scheme Structures 
For illustration purposes, we use the information theoretic 

(Shannon’s) capacity formula as well as IEEE 802.11a PHY 
layer scheme implementations as the underlying modulation 
coding scheme structures. In general, for a prescribed MCS 
that operates at a channel rate rc, we can describe, on the one 
hand, the relation between rc and the required minimum 
receive SINR threshold γ, and on the other hand the relation 
between rc and the packet transmission time duration T by the 
functions f1: rc  γ and f2: rc  T, rc œ Rc respectively. Rc 
denotes the set of rates attainable by using the available 
modulation-coding scheme structures. If Shannon’s Formula is 
used, f1 and f2 are continuous functions defined for all positive 
values of rc, so that Rc= R+. Specifically, using W to denote the 
prescribed link channel’s bandwidth, Shannon’s capacity 
formula is given by: 

ln(1 )cr W γ= +                       (3-11) 
If we neglect the protocol and control overhead fields 

included in a packet’s frame, the time it takes to transmit a 
packet is given by T = b/rc, so that we obtain the following 
relation between γ and T: 

2 1
b

WTγ = −                        (3-12) 
In turn, when we consider the modulation-coding schemes 

provided by IEEE 802.11a systems, we identify the involved 
discrete channel transmit rate and SINR threshold levels for 
each specified MCS. These values are listed in Table 1 for a 
targeted BER value of 10-5 ([12]). In addition, we account here 
for the specific involved PHY and MAC layer frame overhead 
bits. These overhead levels are noted to have significant impact 
on the underlying performance ([6]). For the IEEE 802.11a 
protocol, for each MAC frame, the PLCP preamble plus SIG 
duration, denoted as T0, and the data rate dependent overhead 
length induced by the PHY and MAC structures, denoted as b0, 
are equal to 20 µs and 246 bits, respectively. The packet 
transmission time T is thus given by 

T = T0 + (b+b0)/ rc                (3-13) 
Note that the T0 term (associated with the data rate 

independent overhead field) induces higher channel 
inefficiency and higher probability of capture failure for 
transmissions that are selected to operate at a higher data rate 
level rc.  

Table 1. Data rate vs. SINR threshold table for target BER = 10-5. 
Rate (Mbps) 6 9 12 18 24 36 48 54
γ (dB) 6.02 7.78 9.03 10.79 17.04 18.8 24.05 24.56  

 

IV. TRANSPORT THROUGHPUT PERFORMANCE IN MULTI-HOP 
WIRELESS NETWORKS 

A communication network is said to transport one bit-meter 
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per second when one bit is transported one meter towards the 
final destination in one second. The sum of the product of flow 
throughput values (expressed in units of bits per second) and 
the distances over which those flow bits are carried, aggregated 
over all flows, and expressed per unit area, is defined as the 
network’s transport throughput intensity.  It is denoted as St: 

|| | 2[ | | cos(arg( ))]  
sect Y Y
bit mS E S Y Y

m
⋅ =  ⋅ 

        (4-1) 

where |Y|cos(arg(Y)) denotes the ‘effective’ distance traversed 
in the direction of the final destination in one hop, often 
identified in the literature as ‘progress’. This bit-distance 
product has been used widely as an indicator of a network’s 
capability of transporting data from one end to the other ([1]). 
Assuming an operation under which the average path distance 
level is determined by the underlying nature of the spatial 
distribution of user flows, we proceed to use the transport 
throughput intensity as a metric for characterizing the multi-
hop network’s performance behavior. 

A. Optimal relay (next hop) selection 
Consider a scenario where forwarding nodes are optimally 

placed or the nodal spatial intensity υ is high enough so that 
nodes have no problem in finding forwarding nodes at desired 
locations. To capture the involved parameters’ joint effects on 
the network system’s transport throughput intensity, we let a 
set of values of λ, T, and hop forwarding range y to be 
universally used throughout the network system. Directly from 
Eqs. (3-10) and (4-1), the achieved transport throughput 
intensity is expressed as: 
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where η denotes the link progress efficiency and is defined by 
[cos(arg( ))]YE Yη ≡                 (4-3) 

Observe that if the hop distance y is set equal to a very low 
value, there will be hardly any data bits 'transported'. On the 
other hand, if we keep increasing the hop distance, capture 
failures (at the receiving nodes) will eventually dominate and 
the realized throughput level will tend to be low. Therefore, we 
expect to identify an optimal hop distance value that serves to 
yield a maximum value for the realized transport throughput. 
The latter optimal hop distance value is parameterized by both 
the transmission data rate and the network carried load level. 

If we take derivative of the throughput rate function given 
by Eq. (4-2) (let N = 0, noting such an approximation is 
reasonable in interference limited networks) with respect to y 
and set it equal to 0, we derive the optimum hop distance y* 
that maximizes the expected attainable transport throughput 
level St. The resulting optimal hop range and transport 
throughput St* levels are then obtained to be given as: 
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We note that the optimal hop distance level y* may often 
assume low values; the latter however are not arbitrarily small. 
Notice the existence of a unique optimal hop distance level and 
the functional dependence of the optimal routing strategy on 
MAC layer (λ) and PHY layer (T) attributes. We also observe 
that if the operation of every node in the network is adjusted to 
achieve the optimal transport given by Eq. (4-5), the network 
transport throughput intensity will scale with υ in accordance 
with O(υ·υ-1/2) = O(υ1/2), conforming with the observation 
made in [1], under however a TDMA MAC operation, relating 
to the asymptotic behavior of the throughput capacity function.  

Throughout the rest of this paper, we use a nodal density 
level of υ = 3x10-3/m2 for depicting the system’s performance 
behavior, yielding 30 nodes in every 100m x 100m square 
area. We similarly define a transport loading density measure 
as a metric of the end-to-end network loading level: 

[| | cos(arg( ))] t YG G E Y Y= ⋅             (4-6) 
where G is given by Eq. (3-9). 

In Fig. 1, the optimal transport distance y* is plotted against 
the transmit data rate and medium access rate parameter λ, 
using Shannon’s capacity formula. The results indicate that 
one should strive to forward packets over a longer range when 
the medium is not highly loaded.  The relation between the 
transmit data rate and the hop forwarding range is not 
expressed by a monotonic function. In Fig. 2, the optimal 
transport throughput St* attained by using the derived y* 
(shown in Fig. 1) is depicted versus the transmit rate and the 
resulting network transport loading Gt. Using Shannon’s 
capacity formula, we note that the best transmit data rate level 
under any loading level is observed to be lower than 150 
Mbps. In Figs. 3 and 4, the optimal hop forwarding range level 
y* and attained transport throughput St* are depicted versus λ 
and Gt, respectively, using the PHY data rates provided by 
802.11a schemes. Due to the differences in the underlying 
modulation and coding structures, the resulting performance 
function does not behave in a linear manner vs. the applied 
data rate levels. The performance is generally observed to 
improve with the use of higher data rate. We note that the 
related performance gains realized by using higher transmit 
data rate modulation / coding schemes can be moderate. 

B. Achieved transport throughput under selected routing 
policies 
In the previous section, the network system’s maximum 

attainable transport throughput is investigated when an optimal 
forwarding mechanism is used. When the nodal spatial density 
is not sufficiently high, nodes may not always find a 
forwarding node residing at the desired position. In this 
section, we employ several routing under practical network 
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topological settings with moderate nodal density levels.  
1) Random forwarding routing strategy 
Under this routing strategy, a node transmits the forwarding 

packet to a next-hop node that is picked randomly from its 
neighbors. For our evaluation purposes, we will consider only 
hops under which packets make positive progress towards their 
destination (so that the net hop is selected to bring the packet 
closer to its ultimate destination node).  We obtain: 

( ) / 2

arg( ) / 2

1[ cos(arg( )) ] cos 2 /YE Y d
π

π
η θ θ π

π
+

−
= = =∫        (4-7) 

Induced by the prescribed Poisson statistics, given a circular 
region within a constant range, the distribution of node 
locations in this region, given their number, is governed by the 
statistics of uniformly distributed i.i.d. random variables. The 
location of node Y is hence observed to be uniformly 
distributed within the corresponding region whose area value 
is πRmax

2, given that there is at least a single node (other than 
0) residing inside this region. 
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Figure 1 Optimal hop forwarding  range y* vs. the transmit data rate and 

medium access rate parameter λ, using Shannon’s capacity formula. 

 
Figure 2 Optimal transport throughput St* using the derived y* versus 

the transmit rate and the resulting network transport loading Gt. 
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Figure 3 Optimal transport distance y* is depicted versus λ, using the 

PHY data rates provided by 802.11a. 
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Figure 4 Attained transport throughput St* is depicted versus Gt, using 

the PHY data rates provided by 802.11a. 
The transport throughput under random forwarding strategy, 

denoted by St,rf, is calculated explicitly in the following. 
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Similarly, we obtain: 
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Equation (4-8) shows that the achieved transport throughput 
intensity doesn’t scale as the nodal density level υ increases, 
due to its independence of the nodal density level.  

2) nth nearest node forwarding routing strategy 
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Under this routing strategy, a node forwards its packet to the 
nth nearest node that yields positive progress. Denote such nth 
nearest node by Xi,n and the transport throughput under this 
strategy by St,n. The latter is written as: 

max

,, | | |0
( )

i n

R

t n X t yS f y S dy= ∫               (4-12) 

where f|Xi,n|(y) is the probability density function of the 
distance to the n-th nearest station in the underlying Poisson 
network. This p.d.f. is given by ([2]) 
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St,n and Gt,n both yield a closed form expression: 
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Note that this policy adapts to the nodal density level by 
having each active node invariantly selecting the nth neighbor 
as its next hop forwarding node.  Eq. (4-14) scales with υ in 
accordance with O(υ1/2).  

Figures 5 show the transport throughput level attained by 
using different routing strategies, vs. the network’s loading 
level, using a data rate level of 18 Mbps. The nearest neighbor 
forwarding policy is observed to exhibit better performance. 
This observation holds at several different nodal density levels. 
When forwarding nodes are scarce, nodes further than the 
nearest node are often too far to reach. When there is a 
sufficient number of forwarding nodes, high contention effects 
induce the nearest neighbor forwarding policy to often yield 
the best performance results.  

V. CONCLUSIONS 
In this paper, we investigate in the context of multi-hop ad 

hoc wireless networks the impact of combined multi-rate and 
packet forwarding and routing operations on the throughput 
performance of the system, using a pure ALOHA multiple 
random access MAC. We note that the related performance 
gains realized by using higher transmit data rate modulation / 
coding schemes can be moderate; furthermore, performance 
degradation behavior (by using higher transmit data rates) for 

802.11a implementations in some cases is demonstrated. We 
also note the optimal hop distance value that serves to yield a 
maximum value for the realized transport throughput must be 
parameterized by both the transmission data rate and the 
network carried load level. Our models and analysis results 
reveal key design options involving the cross-layer 
configuration and operation of such networks. 
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Figure 5  The attained transport throughput level is depicted versus 

network loading level for different routing strategies, using a data rate 
level of 18 Mbps  
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