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Abstract

An architecture adaptable to dynamic topology changes in multi-
hop mobile radio networks is described. The architecture parti-
tions a mobile network into logically independent subnetworks.
Network nodes are members of physical and virtual subnets
and may change their affiliation with these subnets due to their
mobility. Each node is allocated an address based on its cur-
rent subnet affiliation. We observe — especially in large net-
works with random topology — that partitioning of the network
may result in significantly more balanced load than in one large
multi-hop network, an attribute that can significantly improve
The architecture is highly fault-

tolerant, has a relatively simple location updating and track-

the network’s performance.

ing scheme, and by virtue of its load balancing feature, typi-
cally achieves a network with relatively high throughput and
low delay. The addressing method, logical topology, mobility
management and routing procedure are described, and network
performance is evaluated.

1 Introduction

Mobile radio networks are expected to play an important
role in future commercial and military applications, es-
pecially when a wired backbone network does not exist.
These networks are suitable in situations where instant in-
frastructure is needed and no central system administration
(like base stations in a cellular system) is available. Typ-
ical applications for this type of peer-to-peer networks in-
clude: mobile computing in remote areas, tactical commu-
nications, law enforcement operations and disaster recovery
situations. A peer-to-peer mobile radio network consists of
a collection of mobile packet radio nodes that create a net-
work on demand without administrative support and may
communicate with each other via intermediate nodes in a
multi-hop mode, i.e., every node is a router. A critical issue
in these networks is their ability to adapt well to dynamic
topology changes caused by movement of nodes relative
to other nodes in the network. Adaptation to topology
changes requires changes both in channel assignment and
routing.

Mobile radio networks have been around since the 1970’s.
Traditionally, these networks have aimed at providing clas-

sic data services such as file transfer. Recently, there has
been a growing interest in rapidly deployable and dynami-
cally reconfigurable wireless networks supporting multime-
dia traffic (voice, video and data). For these networks to
support emerging multimedia services, carrying real-time
data with stringent time delay constraints (voice, video),
several important networking issues need to be resolved.
Networks having high performance and reliability, e.g., high
throughput, low delay and fault-tolerance, are desired.

Previous work on mobile radio networks with dynami-
cally changing topology concentrated primarily on channel
access and/or routing schemes in arbitrary physical topolo-
gies [2] - [7], [9], [11]. To improve network performance and
reliability, several methods of topology control (by adjust-
ing transmission ranges) were proposed [8], [10], [12], [13],
[16]. More recently, a multi-cluster architecture for multi-
hop mobile radio networks supporting multimedia traffic
was proposed [6].

The motivation behind our approach is that network par-
titioning can improve critical functions such as media ac-
cess, routing, mobility management, virtual circuit set-up,
while reducing signaling/control overhead. It can be ob-
served in this type of network that partitioning may result
also in lower congestion compared to one large network.

This paper discusses an architecture based on a specific
logical topology superimposed over a physical topology (de-
termined by transmission coverage of network nodes); the
architecture selects links to be activated (logical links) out
of a pool of physical links. Our main concern is finding an
efficient logical topology and a suitable routing procedure
which result in high performance and reliability.

The paper describes an architecture suitable for mobile
radio networks which is adaptable to dynamic topology
changes due to node mobility. In this architecture, net-
work nodes are grouped into two types of clusters (sub-
nets): physical and virtual, and may dynamically change
their affiliation with these subnets due to their mobility.
Each node is allocated an address based on its current
subnet affiliation as a result of its position relative to other
nodes (i.e., its physical connectivity) and address availabil-
ity. We consider networks that have several tens to several
thousands mobile nodes. It is assumed that there exists a
channel access protocol which resolves contentions and/or
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interference in the network (e.g., [1], [15]).

The rest of the paper is organized as follows. Section
2 describes the addressing method. Section 3 describes
the network logical topology, explaining the formation of
physical and virtual subnets, and discusses mobility man-
agement. Section 4 considers the routing procedure, and
in Section 5 an example of a 16-node network is described.
Section 6 discusses performance issues, and conclusions are
given in Section 7.

2 Addressing method

In this method, network nodes are allocated addresses de-
pending on their current physical connectivity and address
availability. In general, each node is assigned a single ad-
dress. However, in some conditions, a node can have more
than one address as described later.

Assume that the network is segmented into p physical
subnets (the distinction between physical and virtual will
be clarified shortly; for the moment assume that physi-
cal subnets cover a local area) each containing up to ¢
mobile nodes. We describe the pool of addresses over an
alphabet of size m = max(p, ¢) containing the numbers
0,1,2,---m —1. Each node in the network is given a word
(address) of length two, where the list significant digit
(LSD) is a digit in base-¢ and the most significant digit
(MSD) is a digit in base-p. Therefore, the total number of
words (and nodes) possible is N = pq. Each node in this
topology is affiliated with nodes whose address differs only
in one digit; that is, node z;.z¢ is affiliated with nodes
z1.2p, 0 < zf < q— 1,25 # o, and with nodes z}.zq,
0 <af <p—1,27 # x;. Thus, every node is affiliated with
p+ q — 2 other nodes; we say that each node has p+ ¢ — 2
logical neighbors. Next we group every g nodes that differ
only in their LSD into an MSD group, and every p nodes
that differ only in their MSD into an LSD group. Note that
there are altogether p+ ¢ groups, and each node is a mem-
ber of one LSD group and one MSD group. These groups
are the basic building blocks of the network as described
in the next section.

3 Logical topology

Each node in the network is affiliated with a physical sub-
net (MSD group) and a virtual subnet (LSD group). Nodes
which are members of a physical subnet are within close
proximity in a local geographic area. Nodes which are
members of a virtual subnet form a regional network (i.e.,
beyond a local area). Figure 1 depicts a mobile radio net-
work with physical subnets (in shaded areas) and virtual
subnets (e.g., in solid and dashed lines). Note that all
nodes within a physical subnet have the same MSD while
all nodes within a virtual subnet have the same LSD. It
is assumed for the moment that nodes of a given physi-
cal subnet can reach (e.g., by adjusting their transmission
power or by using a directional antenna) nodes of neigh-

virtual subnet

12.10 12.17

Figure 1: Physical and virtual subnets in a mobile radio
network.

boring physical subnets. Later we deal with the case when
this assumption does not hold (i.e., when a node is discon-
nected from its virtual subnet).

A node becomes a member of a physical subnet by ac-
quiring the first available address (with the lowest LSD)
in that subnet, e.g.; if a node joins physical subnet 12 and
there are already 10 members in this subnet it will use the
address 12.10 since LSDs 0-9 are occupied already. Once
a node becomes affiliated with a specific physical subnet,
automatically it becomes a member of a virtual subnet de-
fined by the LSD in its address; referring to the above
example, the node will be a member in virtual subnet 10.
As long as the node remains in the vicinity of physical sub-
net 12 (i.e., within “hearing” distance from its members)
it will keep its current address. Any node in the network
is updated with the current addresses used in its physical
and virtual subnets (by its logical neighbors). This can be
accomplished, e.g., by an advertising process where each
node notifies its logical neighbors of its current address us-
ing a dedicated management channel. Therefore, a node
which desires to join a specific physical subnet would con-
tact a member(s) of this physical subnet to find out which
address it can acquire, and then would advertise its newly
acquired address to all of its logical neighbors. Note that
if a node cannot reach any of its logical neighbors in its
virtual subnet, it will use another virtual subnet via one of
its logical neighbors in its physical subnet. This case will
be further discussed in Section 4 dealing with routing.

When a node moves to a new location where it cannot
establish a connection with its previous physical subnet’s
members, it will drop its previous address and join a new
physical subnet whose members it can communicate with,
assuming that there are available addresses in this subnet.
If there are no available addresses in the new subnet, the
node would seek another subnet (within a “hearing” dis-
tance) which has available addresses. If there are no avail-
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able addresses in nearby physical subnets (e.g., there are
already ¢ nodes in this subnet each using a single address,
or all the addresses are used by less than ¢ nodes with mul-
tiple addresses per node and these nodes do not release an
address for the mobile node), the mobile node would get a
“guest” address z.y from a nearby physical subnet where
x is the physical subnet identification number and y > gq.
As soon as an address becomes available in physical subnet
z, the “guest” node will acquire the released address and
drop its previous “guest” address becoming a member of
physical subnet z. The way a guest node communicates
with other nodes is described in the next section.

Note that there is no logical connection between the vir-
tual subnets, however, since they are “overlayed” on the
same region they might interfere with each other. This
interference is eliminated by the channel access scheme in
use. One way, for example, is to operate each virtual sub-
net on a different frequency band®; when the number of
frequency bands is less than the number of virtual subnets
some form of time sharing can be used. Note that a less
acute problem exists between neighboring physical subnets
which have a limited degree of overlapping since they are
defined over a local region. Thus, one can take advantage
of spatial reuse, where only neighboring (overlapping) sub-
nets use different frequency bands.

3.1  Mobility management

A mobile node which changed its subnet affiliation will no-
tify all the nodes in its new physical and virtual subnets
(i.e., its current logical neighbors) of its newly acquired ad-
dress. This notification process can take place, e.g., during
the establishment of links with its logical neighbors or by
broadcasting in its physical and virtual subnets. In general,
a source node does not know the current address of a de-
sired destination node. The source node can determine this
address by inquiring in its physical (virtual) subnet, since
one of the nodes there is affiliated with the destination node
virtual (physical) subnet. To clarify, let source node S and
destination node D addresses be S1.59 and Dy.Dy, respec-
tively, and denote by |S1]| the cardinality (number of mem-
bers) of physical subnet S;. Consider two different cases
for finding node D’s address; first, if |S1| > Dg, node S
would inquire in its physical subnet S; about node D and
receives node D’s address from node S;.Dg (which was no-
tified earlier by node D, via virtual subnet Dy, regarding
its current address). Second, if |S1| < Dg, node S would
inquire in virtual subnet Sy about node D and receives
node D’s address from node D;.Sy which is affiliated with
node D physical subnet. Note that node S does not know
a-priori which of the above cases is valid, nevertheless, it
inquires about node D first in its physical subnet and if it
does not get a response it inquires in its virtual subnet (at

1A frequency band contains at least one frequency channel. When
the band contains a single channel the subnet is operated in a pure
TDMA mode, otherwise a TDMA/FDMA scheme can be used to

increase throughput.

FH {LN_FH}  {LN_F&M}  {LN_MH} MH

loc_update

loc_inquiry

loc_track

info

info

FH - fixed host {3.3} example: 3.3 —3.1—1.1
{LN_FH} - logical neighbors of the fixed host {3.0,3.1,3.2,0.3,1.3,2.3}

{LN_F&M} - logical neighbors of both the fixed and mobile hosts {1.3,3.1}
{LN_MH} - logical neighbors of the mobile host {1.0,1.2,1.3,0.1,2.1,3.1}

MH - mobile host {1.1}

Figure 2: Location updating and tracking scheme.

least one of node S logical neighbors knows node D’s ad-
dress). Alternatively (instead of inquiring about node D’s
address), node S can broadcast its packets for node D in
its physical and virtual subnets, at least one node (which
is a logical neighbor of node D) will be able to forward the
packets to their destination.

Figure 2 describes a simplified location updating and
tracking scheme. After moving to a new location a mobile
host (MH) notifies its logical neighbors by sending a loca-
tion update (loc_update). A fixed host (FH) which desires
to communicate with MH will inquire at its logical neigh-
bors about MH by sending a location inquiry (loc_inquire).
At least one of FH’s logical neighbors is also MH’s logi-
cal neighbor, thus, one of their mutual logical neighbors
will provide FH with MH’s address by sending loc_track.
After tracking down MH’s address, FH sends its data to
MH via one of their mutual logical neighbors. Figure 2
shows also through a specific example in a 16-node network
(p = ¢ = 4) the nodes involved in the above process. Note
that this location updating and tracking scheme involves
only p+ ¢ — 2 nodes which is much less than N; this results
in reduced signaling/control overhead. For example, in a
400-node network with p = 16, ¢ = 25, the location updat-
ing/tracking process involves less than 10% of the nodes in
the network. Therefore, in the case of multi-hop subnets
a flooding scheme can be used (assuming a contentionless
access scheme, e.g., TDMA/FDMA) in the corresponding
physical and virtual subnets, to broadcast the loc_update
and loc.inquiry messages without overloading the whole
network.

4 Routing

Several routing schemes are possible; we describe a shortest
path routing procedure which is self-routing. We assume
first the case of one-hop physical/virtual subnets (when us-
ing an airborne relay, satellite). In this procedure routes
traverse one digit at a time in fixed order, e.g., from the
LSD to the MSD. For example, when the source-node ad-
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Figure 3: Shortest path routing for the case of one-hop
physical /virtual subnets; physical — virtual.

dress is 12.15 and the destination-node address is 9.17,
this procedure would use the path 12.15 — 12.17 —
9.17. Generally, the route from source-node address u;.ug
to destination-node address v;.vg would traverse the path
u1.ug — u1.v9 — v1.9g (see Figure 3). The length of the
path equals the number of different digits in the addresses
of the source and destination nodes, i.e., at most two hops.
In the above procedure there is a unique path between any
two nodes.

In general, the network is composed of multi-hop sub-
nets which means that more than two hops are necessary
from source to destination. In this case the routing is per-
formed in two phases. In the first phase (Phase I) rout-
ing is performed only in the physical subnets (exchanging
local traffic). Here packets are routed (e.g., using short-
est path) within the physical subnet of the source node
from the source node via intermediate nodes to a node hav-
ing the same LSD as the destination node. In the second
phase (Phase IT) packets are routed in the virtual subnet,
where packets reached to the last node in the first phase are
routed from this node to the destination node via interme-
diate nodes within the virtual subnet defined by the LSD
of the destination node. Preferably, during Phase I trans-
mission power is limited to cover only the local area of the
corresponding physical subnet; this would allow frequency
reuse due to spatial separation. In Phase II (when vir-
tual subnets are formed) transmission coverage is adjusted
(e.g., by using a directional antenna) to reach remote phys-
ical subnets. Referring to Figure 1, the route from source
node 12.15 to destination node 9.17 would traverse the path
12.15 — 12.10 — 12.17 — 11.17 — 8.17 — 9.17,
with two hops in physical subnet 12 and three hops in vir-
tual subnet 17. Note though, that in case a node cannot
reach any of its logical neighbors in its virtual subnet (i.e.,
when the virtual subnet is not connected) it will have to use
a different virtual subnet via one of its logical neighbors in
its physical subnet. For example, say that node A.B would
like to communicate with node C.D; using shortest path
routing the path would usually traverse via physical sub-

net A to node A.D and then via virtual subnet D to node
C.D. However, if node A.D is not connected to virtual
subnet D it will connect to another node (say A.E) via
physical subnet A and then via virtual subnet E to node
C.E and finally to the destination node C.D via physical
subnet C' as indicated in the following,

AB— -

— AD— - — AF —

— C.D

e s CF — ...

alternatively, the fault-tolerant routing scheme described
at the end of this section can be used to overcome situations
of disconnected subnets.

Usually a node will have a single address, however, it
is possible under certain circumstances to have more than
one address. For example, suppose that source node S7.5g
from a lightly populated physical subnet desires to com-
municate with destination node D;.Dg from a highly pop-
ulated physical subnet and |S;1| < Dp; then source node
S51.50 will get another address — S;.Dy and will partici-
pate in virtual subnet Dy in order to communicate with
the above destination node.
is affiliated with physical subnet S; and virtual subnets Sy
and Dyg.

A guest node (with LSD greater than ¢) is not affiliated
with any virtual subnet (there are only ¢ such subnets);
therefore, during Phase I it communicates locally exchang-
ing intra-subnet traffic like the other nodes in the subnet,
however, during Phase II it is idle. When a source node
wants to send a packet to a guest node outside its physical
subnet it will forward its packet via its virtual subnet to the
corresponding node in the guest node’s physical subnet and
that node will forward the packet to the guest node during
the next phase (Phase I), i.e., via intra-subnet traffic.

In this case the source node

Finally, we mention here another self-routing scheme
(called Long-path routing) which results in high fault toler-
ance (see Section 6.1.3). In this procedure the longest path
has three hops (assuming one-hop physical/virtual sub-
nets). Referring to Figure 4, the route from uy.ug to v1.vg
would traverse the path wy.ug — wj.uf — viuf —
v1.vo (Figure 4(a)), or ui.ug — ujug — ujvg —
v1.vg (Figure 4(b)), where 0 < uj < ¢ — 1,uj # o and
0 <uf <p-—1,u} # u;. Note that each route traverses al-
ternately physical and virtual subnets.
that between each source-destination pair there are p+q—2
disjoint paths, i.e., paths that do not share links or nodes
(e.g., for p = ¢ = VN the number of disjoint paths is
O(\/N)). Each of these paths corresponds to one of the
p + g — 2 logical neighbors of the source node. Note that
a path is uniquely specified once a logical neighbor was se-
lected by the source node. To route a packet from a source
node to a destination node, the source node selects (say at
random) one of the p + ¢ — 2 disjoint paths. In case of a
path failure, the source node can select (say randomly) one
of the remaining disjoint paths.

It can be shown
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Figure 4: Long-path routing for the case of one-hop phys-
ical/virtual subnets; (a) physical — virtual — physical, (b)
virtual — physical — virtual.

o}
O o

/o) ®)

Figure 5: Example: 16-node mobile radio network.

5 Example

Consider the 16-node mobile radio network depicted in Fig-
ure 5. Assume that p = ¢ = 4, i.e., there are four physical
subnets and four virtual subnets of four nodes each, where
each node is a member of one physical subnet and one vir-
tual subnet. Figure 6 depicts the above 16-node network
showing the links activated during Phase I forming four
physical subnets of four members each with their addresses.
Figure 7 depicts the same 16-node network showing the ac-
tivated links during Phase II forming four virtual subnets
(each virtual subnet has the same shape nodes). Each vir-
tual subnet contains four nodes, one from each of the four
physical subnets above. For clarification consider the fol-
lowing cases (assuming shortest path routing):

0.1
0.2 1.2

0.3

2.1

Figure 6: Example: physical subnets in a 16-node mobile
radio network.

1. source-node 0.1, destination-node 3.0; the routing
path is 0.1 — 0.0 — 1.0 — 3.0, traversing one
hop (in physical subnet 0) during Phase I and two
hops (in virtual subnet 0) during Phase II, altogether
three hops.

2. source-node 1.1, destination-node 2.3 and suppose
that node 1.3 left physical subnet 1; since address
1.3 was dropped source-node 1.1 will acquire an ad-
ditional address - 1.3 and the traversed path is of one
hope (in virtual subnet 3) during Phase I11.1,1.3 —
2.3.

3. suppose that node A of address 0.0 moved to the
vicinity of physical subnet 3 (i.e., it has a physical
connectivity with nodes that belong to physical sub-
net 3). Since there are no more available addresses
in this subnet, node A will get a “guest” address 3.4.
If the source-node is 2.0 and the destination-node
is node A (3.4), the traversed path will be 2.0 —
3.0 — 3.4, with one hop in virtual subnet 0 (during
Phase II) and then another hop in physical subnet 3
(during Phase I).

Finally, using Long-path routing in the above 16-node net-
work results in six disjoint paths (i.e., paths that do not
share links or nodes) between any source-destination pair
(see Figure 8).

6 Performance

In subsection 6.1 network performance in terms of aver-
age number of hops, delay, throughput and fault-tolerance
is evaluated for two-hop networks (with one-hop physi-
cal/virtual subnets). For this case we assume that every
subnet is operated in a pure TDMA mode with different
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Figure 7: Example: virtual subnets in a 16-node mobile
radio network.

there are six disjoint paths between
nodes 1.3 and 3.2

1.3 --->1.0 --->3.0 ---
1.3-->11-->3.1--
1.3--->12-->3.2
1.3-->0.3-->0.2 -
1.3--->23--->22--
1.3-->33-->32

> 3.2
>3.2

> 3.2
>3.2

Figure 8: Example: disjoint paths in a 16-node mobile
radio network using Long-path routing.

frequency bands assigned to potentially interfering subnets.
Subsection 6.2 considers the general case of multi-hop net-
works (with multiple hops in each subnet) where subnets
might operate in a TDMA/FDMA mode using multiple
frequency channels in each subnet. In this subsection we
evaluate the throughput of the network and compare it to
that of a one large multi-hop network. We assume through-
out Section 6 that the above shortest-path routing is used
(i.e., any path traverses at most two subnets, one physical
and one virtual).

6.1 Two-hop networks

6.1.1 Average number of hops

Each node in the network has p + ¢ — 2 destinations one
hop away (¢ — 1 and p — 1 within its physical and virtual
subnet, respectively), and (p — 1)(¢ — 1) destinations two
hops away (to p— 1 nodes affiliated with each of ¢—1 virtual
subnets), thus, the average number of hops in the network

is given by
_ Opg—
B pa—(p+a) (1)
pg—1

which is roughly equal to 2 for large networks.

6.1.2 Delay and throughput

To find the delay and throughput of the network we first
derive expressions for subnet load. We define subnet load
as the number of times a subnet is traversed by all possi-
ble N(N — 1) paths between source-destination pairs. It is
assumed that traffic is homogeneous, where each node in
the network sends A packets/sec to any of the other N — 1
nodes. The total traffic passing through each physical sub-
net is composed from pA packets/sec sent by each of the q
nodes in the subnet to any of its ¢ — 1 peers in the subnet;
therefore, the physical subnet load is

nen = N(g —1) (2)

Similarly, the total traffic passing each virtual subnet is
composed from ¢ packets/sec sent by each of p nodes to
any of its p — 1 peers in the virtual subnet, therefore, the
virtual subnet load is

= N(p—1) (3)
thus, the maximum subnet load is
Nmaz = N(max(p, ¢) — 1) (4)
The average subnet load is given by

— N(?N—(p—|—q)) (5)
p+yq

_ Pliph + qn
p+q

av

In the symmetric case, where all the subnets have the same
size p=¢q = VN,

Nmaz = Nav = N(\/ﬁ - 1) (6)

which results in a balanced load, i.e., all subnets have the
same load.

To simplify the presentation, we use an M/M/1 queueing
model to describe a single subnet behavior; therefore, the
average delay of a packet traversing subnet & is given by
O = m, where 1/p is the average packet length in
bits, C is the subnet capacity in bits/sec and 7y is the
subnet load. Note that if a more accurate model for the
subnet behavior is used it will only result in a different
expression for 8. Using Little’s formula [14], the average
queueing delay through the network is given by

13 KA
bop = =y — 2 7
A,;#Ck—ﬂk)\ @)

where S and A are the total number of subnets and offered
traffic in the network, respectively; note that S = p+ ¢
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and A = N(N — 1)A. Since we assume a single tranceiver
per node, let a be the portion of the time-frame this tran-
ceiver is dedicated to its physical subnet during Phase I.
Assume also that there are M frequency bands, and de-

note by R the transmitter burst-rate in bits/sec. The ca-

pacity of physical subnet k is given by Cgh = i—R, where

1, = max(r/M,1) and r is the number of frequency bands
required to operate all the physical subnets simultaneously
(utilizing spatial reuse of frequencies at distant subnets);
note that r < p and depends on the physical layout of the
subnets. Similarly, the capacity of virtual subnet k is given
by C} = (1—7—;1)1%’ where 7, = max(¢/M, 1); note that ¢ fre-
quency bands are required to operate simultaneously the
virtual subnets since they overlap. Using (7) one finds that
the average queueing delay across the network is given by

__ 1 - N(g—1)
Oap = N(N—l) (ZM—N(Q—l)/\

k=1 7,
q
N(p-1)
+ — (8)
; U2t N (p— 1)A
or
_ 1 plg — 1)
6(11) — N —1 auR h
- —N(g-1)
glp—1)
9
(1—:);11% — N(p—1)X (9)
where
apll

0< A §min< (1_")”R) (10)

N(g—1)r, " N(p—1)7,

i.e., the load cannot exceed the subnet capacity. The max-
imum value of A is achieved for a,,; satisfying
aplR (I —a)uR )
N(g-1)r N(p-1)m

(11)
solving (11) for « yields

(q - 1)Tr
g— U+ (p-1)m,

(12)

Uopt = (
Substituting the value of aops in one of the sides of (11)
one finds that

uRR
N(g—1Dr+ N(p— 1),

(13)

/\max =

Using (12) and (13) in (9), and after some arrangements
one gets

pR(p+q) 1
N(N = DAmas 1 — 2

Amaz

,UR(Sav =

(14)

The normalized (to burst-rate) user throughput is given by

ATTLCL.’L‘
=(N-1 15
7= ) iR (15)

and the normalized network throughput is given by

I'=Ny (16)

substituting (13) and (15) into (16),

N -1

b= DG

(17)

Using (15) and (16), (14) becomes

1
pRGy = PT9 2

T (18)

where p = 22— is the normalized (user/network) offered

load. Observe that the left side of (14) is the average packet
queuing delay across the network in units of packet trans-
mission time.

Note that when 1 < M < min(r, ¢) the throughput is
linear with the number of frequency bands M, i.e., adding
more frequency bands will increase linearly the through-
put. Increasing M beyond min(r, ¢) will still increase the
throughput in a sub-linear relation until a maximum is
reached for M = max(r, q).

N -1

ptaqg—2 (19)

Cae =

with a global maximum of T'pyax = (\/N—F 1)/2 for p =
q= /N . This means that for a network of size N and sub-
nets of size v/N, /N frequencies are required to achieve
maximum throughput. Figure 9 depicts the normalized
throughput of different size networks for different numbers
of available frequencies assuming that p = ¢ = /N and
r = 8, i.e., eight frequencies are necessary and sufficient
for simultaneous operation of all the physical subnets.
Figure 10 depicts the effect of subnet size on network
throughput. In accordance with (19), higher throughput
is expected when p + ¢ decreases till its minimum value of
2/N for p = ¢ = v/N. Thus, better throughput perfor-
mance is achieved when the physical subnet size is closer
to the virtual subnet size with the best performance for
identical size. This is because for p = ¢ = VN the av-
erage subnet load is equal to the maximum subnet load
(see (6)). This means that for any other routing scheme

Nmae > N(VN — 1); therefore, the current routing pro-
cedure achieves maximum throughput and minimum de-
lay for all loads from zero till the maximum throughput is
achieved.

Figure 11 depicts the average end-to-end packet queu-
ing delay versus user/network offered load for a 1024-node
network with different size subnets; it was assumed that
M =r =8. In Figure 12 the dependency of the average
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Figure 9: Effect of the number of frequencies on the
throughput in two-hop networks.

delay on the offered load for a 1024-node network is de-
picted for different values of available frequencies; it was
assumed that all subnets have the same size (p = ¢ = 32)
and r = 8. Figure 13 depicts the average delay vs. network
size (number of nodes) for different values of offered load,;

it was assumed that (p = ¢ = VN, M = 8,r = 8).

6.1.3 Fault-tolerance

To evaluate the fault-tolerance of the architecture we use
two metrics, node-connectivity and link-connectivity. We
define node-connectivity — x as the minimum number of
faulty nodes that creates a disconnected network. Since
each node in the logical topology is connected directly to
p + q — 2 other nodes, the node-connectivity of the net-
work is K = p+ ¢ — 2. For example, consider a 1024-node
network composed of 32 subnets of 32 nodes each, then
any 61 nodes can be faulty before the network becomes
disconnected. Define the network link-connectivity — o as
the minimum number of node-disjoint paths between any
source-destination pair (i.e., paths that do not share links
or pass through the same node). The link-connectivity of
the topology is ¢ = 2 for path-lengths of not more than
two hops. If we allow path-lengths to be up to three hops
(using Long-path routing, see Figure 4), it can be shown
that the link-connectivity reaches its maximum value of
0 = p+q—2. Referring to the above example, there are at
least 62 node-disjoint paths, i.e., alternative paths between
any source-destination pair with path-lengths of at most
three hops. Since the network has high node-connectivity
and high link-connectivity it is therefore very reliable. A
possible technology that can benefit from this is wireless
ATM, where a virtual path established between a given
source-destination pair has many alternative disjoint routes
which can be used in case of node or link failures due to
mobility, interference etc.

10°

10 -

Network throughput (normalized to burst rate)

10 L L
10° 10" 10° 10°

Number of frequencies

Figure 10: Effect of subnet size on the throughput in a
two-hop 1024-node network.

6.2  Multi-hop networks

In general, the subnets are not fully connected and multi-
ple hops are necessary in each physical or virtual subnet.
We assume that in each subnet a link-activation TDMA/
FDMA (multiple frequency channels per subnet are pos-
sible) scheme is used where each link is activated at least
once during each time frame. The analysis in this subsec-
tion is true for any routing procedure within the multi-hop
subnets.

6.2.1 Throughput

In the following analysis we use these additional notations:

T number of time-slots used in one large multi-hop net-
work.

T7 number of time-slots used in Phase I.
T5 number of time-slots used in Phase II.

L total number of links activated in one large multi-hop
network.

L1 total number of links activated in the physical subnets
during Phase I.

Lo total number of links activated in the virtual subnets
during Phase II.

n' load of link 7 in one large multi-hop network, i.e., the

number of times link ¢ is traversed by all possible
N(N — 1) paths in the network.

77{ load of link j in its physical subnet, i.e., the number of
times link j is traversed by all possible ¢(¢ — 1) paths
in its physical subnet.
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Figure 11: Average queuing delay vs. offered load for a
1024-node network with different size subnets (M = 8,r =
8).

n% load of link k in its virtual subnet, i.e., the number of
times link £ is traversed by all possible p(p— 1) paths
in its virtual subnet.

n maximum link-load in one large multi-hop network (i.e.,
max; (1)),

71 maximum link-load during Phase I (i.e., maxj(n{)).
172 maximum link-load during Phase II (i.e., max(n%)).

We assume again homogeneous traffic and an M/M/1
queueing model to describe the behavior of each activated
link. Using Little’s formula and summing over all the ac-
tivated links in the network, the average queueing delay
across the network is given by

Ly

1 Z Pmn
6@7} - - -
N(N —1) et Q;IR —pA

(20)

Note that the capacity of the links is inversely propor-
tional to the number of time slots (in the corresponding
phase) which depends on the number of frequency chan-
nels used. The maximum traffic between any two nodes

during phase T is A\; = ﬁ’;i}. Similarly, the maximum traf-
fic between any two nodes during phase Il is Ay = (-a)uk

Tanzq
To find the optimal value of @ we solve A; = Ay and find

that
Timp

. Tmp (21)
Timp + Tonaq

Qopt
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Figure 12: Average queuing delay vs. offered load for a
1024-node network for different values of available frequen-
cies (p = q = 32,7 = 8).

therefore, the maximum traffic between any two nodes in
the network is

uRR

e (22)
Timp + Tonaq

Amax =

The normalized (to burst rate) network throughput is given

by

['=N(N - 1)A’”‘”” S (Cl) (23)

pR - Timp+ Tanag
Note that n; and 7, depend on the logical topology and
the routing procedure used within the subnets.

Observe that (17) can be derived as a special case (a two-
hop network) from (23) by substituting 71 = ¢(¢ — )7,
T, =p(p— 1)1, and 51 =92 = 1 (note that ¢(¢ — 1) and
p(p—1) are the number of links in one-hop fully connected
physical and virtual subnet operated in a pure TDMA
mode, respectively).

We are interested in comparing the performance (e.g.,
throughput) of the proposed architecture and that of a one
large multi-hop radio network. First, we find the through-
put of the one large network. In a similar way to the above,
the queueing delay across one large multi-hop network is
given by
,]72
i=1 % —n'A

1
N(N - 1)

M=

L
6(11)_

(24)
thus, the throughput of one large multi-hop network is
given by

N(N —1)
Tn

| A

max

(25)

The throughput values for the proposed architecture (23)
and for one large multi-hop network (25) depend strongly
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Figure 13: Average queuing delay vs. number of nodes for
different values of offered load (p = ¢ = NY2 M =8r=
8).

on the physical and logical topologies, routing procedure
and the number of frequencies. We observed — especially
in large networks with random topology (a characteristic of
ad-hoc sporadic networks) — that the maximum link traffic-
load in one large network is significantly higher than the
maximum link traffic-load in the subnets, i.e., 5 > pn1, qns.
Therefore, partitioning of the network may reduce conges-
tion in the network which in effect can improve the per-
formance, e.g., results in higher throughput, lower delay.
Note that there is a penalty associated with large trans-
mission radii resulting in reduced link capacities (because
more time-slots are needed). However, since the link load-
ing may be significantly reduced, the total effect may re-
sult in increased throughput. Also, while one large multi-
hop network cannot take advantage of many frequencies (if
available) because of spatial reuse, the current architecture
can (to separate the overlayed virtual subnets), which also
results in increased throughput.

The following example of a 16-node network illustrates
the strength of the proposed architecture. Figure 14 de-
picts a network with a well controlled topology of maximum
degree six composed of equilateral triangles. According to
the proposed architecture the network may be partitioned
into four physical and four virtual subnets (p = ¢ = 4).
Figure 15 and Figure 16 show the links activated in the
physical and virtual subnets, respectively.

Using TDMA /FDMA link-activation assignment (see Ap-
pendix A) and shortest-path routing, we find the values
needed to calculate throughput performance depending on
the number of available frequencies (see Table 1).

The throughput performance for one large multi-hop net-
work and for a network using four virtual subnets is de-
picted in Figure 17. For this particular example, one can
see that for a given number of frequencies the proposed

10

Figure 14: 16-node network with a well controlled topology.

LT LT
LT

Figure 15: Links activated in the physical subnets.

architecture always has a better throughput performance
than the one large multi-hop network. Note than not more
than three frequencies are required to achieve the max-
imum throughput of the one large network, i.e., adding
more frequencies will not increase the throughput. This
is because of the limited transmission range of the nodes,
However, in the pro-
posed network it is possible to further increase the through-
put by adding more frequencies (up to eight frequencies).
Observe that the average and maximum link loading in
the one large multi-hop network is 8.33 and 16, respec-
tively, while for the network using four virtual subnets the

taking advantage of spatial reuse.

corresponding values are identical — 8.0, i.e., the network
has a balanced load. The average and maximum num-
ber of hops in the one large network is 2.29 and 6.0, re-
spectively, while for the network using four virtual subnets
the corresponding values are 2.13 and 4.0.

Figure 16: Links activated in the virtual subnets.
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Numberof | T | n |1y | To | ;1 | 12
frequencies

1 2216 | 8 [ 32 2| 2
2 14116 4 |16 2 | 2
3 1221164 |11 2|2
4 1211648 | 2|2
8 12211644 |22

Table 1: Values for calculating throughput performance
depending on the number of available frequencies.

16-node network
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Figure 17: Throughput performance for one large multi-
hop network and for a network using four virtual subnets.

7 Conclusions

An architecture comprising a logical topology of physical
and virtual subnets, and corresponding addressing, mobil-
ity management and routing schemes were described. This
architecture is applicable to mobile radio networks and
accommodates dynamic topology changes due to relative
movement of network nodes. The architecture partitions
a mobile network into logically independent subnetworks.
Network nodes are members of physical and virtual subnets
and may change their affiliation with these subnets due to
their mobility. Each node is allocated an address based on
its current subnet affiliation. We observed — especially in
large networks with random topology — that partitioning of
the network may result in significantly more balanced load
than in one large multi-hop network, an attribute that can
significantly improve the network’s performance. The ar-
chitecture is highly fault-tolerant, has a relatively simple
location updating and tracking scheme, and by virtue of its
load balancing feature, typically achieves a network with
relatively high throughput and low delay. The addressing
method, logical topology, mobility management and rout-
ing procedure were described, and network performance for

11

one-hop and multi-hop physical/virtual subnets was eval-
uated.
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Appendix A

In the following we describe a distributed on-line TDMA/
FDMA link-activation algorithm for assigning a directed
link between two nodes (say ¢ and j). It is assumed that
nodes ¢ and j have knowledge of existing assignments at
their neighboring nodes (i.e., nodes within “hearing” dis-
tance). The output of the algorithm is the assignment
of link ¢ — j, i.e., an ordered pair of time-slot and fre-
quency — (¢, f) or a time-slot — ¢ when only one frequency
is available (pure TDMA). We use the following notations:

T set of available time-slots.
F' set of available frequencies.
T, set of time-slots in use by node r.

F;’}_L set of frequencies in use by links incoming to nodes
neighboring node r at time-slot #.

Fut set of frequencies in use by links outgoing from nodes
neighboring node r at time-slot #,.

The sets 1" and F' are ordered arbitrarily at the outset.

Algorithm

1. choose t, € T — (T; UTj), where k is the least order
number; if no time-slot is available go to step 4,

2. choose f; € F—(FZ-”,QUF].O?), where [ is the least order
number; if no frequency is available, T' — T — {t;}
and go to step 1,

3. stop, the pair (¢, fi) is the i — j link assignment.

4. stop, link ¢ — j cannot be assigned.

Note that time-slot assignment involves only logical links,
while frequency assignment considers both logical and phys-
ical links.
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