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Abstract

Ultra-wideband wireless (UWB) can provide the physical layer for high-throughput
personal area networks. When UWB is used for communication between many
nodes, relatively long acquisition times are needed when dropping and re-establishing
wireless links between the nodes. This paper describes the development and use of
mathematical and simulation models to investigate the impact of dropping and reac-
quiring links between nodes on average packet delay; we also consider the perfor-
mance of the alternative strategy of forwarding packets through intermediate nodes
without breaking the established wireless links. The work presented here assumes
that no specific MAC layer protocol, such as WiMedia UWB MAC, is operating.
The paper describes the models, explains the selection of modeling parameters used,
compares the average packet delay for a network of three simple UWB nodes and
for a ring of ten UWB nodes and explains the use of these results for network design
engineers.
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1 Introduction

This paper expands upon research originally published in (Taggart et al., 2007)
that describes conceptual, mathematical, and simulation models for a simple
data network. The expansion includes consideration of a ring network of ten
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nodes in which one of the nodes may switch links between its normal down-
stream neighbor and the node opposite on the ring. The nodes in the model
use ultra-wideband (UWB) wireless as the physical layer, requiring relatively
long node acquisition times when links are dropped and reestablished. For
the first case, only three nodes are considered and each has only one input
and one output link. We use the models to study average packet delay for two
models of network operation. In the first model, the three nodes are connected
in tandem and packets destined for the last node are forwarded through the
second node. In the second model, the first node drops synchronization with
the second node and establishes a link with the third node to send any packet
bound for the third node. For the second case, the models are extended to a
ten node ring network. This network is set up to allow one node to occasion-
ally stop sending to its downstream neighbor and begin sending packets to the
node on the opposite side of the ring. We present a mathematical model of
average delay as a function of network parameters and node acquisition time
for this case and compare this model to preliminary simulation model results.

The short pulse lengths used in UWB communications require relatively long
synchronization times between the receiver and transmitter - from microsec-
onds (ISO, 2007) to milliseconds (Roy et al., 2004). Finding ways to shorten
this synchronization time is an ongoing research area (Aedudodla et al., 2004)
and (Aedudodla et al., 2006).

Because of the relatively long acquisition times, it is not practical for a high
data rate source to frequently switch between two destinations. Figure 1 de-
picts two different strategies for networking a source S and two destinations
D1 and D2. In Fig. 1(a), the traditional approach is depicted with the source
sending packets to both destinations, alternating transmissions between them.
In Fig. 1(b), the source directs all traffic to the first destination which, in
turn, forwards the traffic to the second destination. The strategy in Fig. 1(a)
is commonly employed in wireless networks. However, in UWB, the source
must acquire each new destination node, synchronizing with the receiver be-
fore it can start data transmission, a potentially very expensive (in terms of
efficiency) proposition. Therefore, it is very likely that in UWB the scheme
depicted in Fig. 1(b) will be far more efficient than the scheme in Fig. 1(a).
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Fig. 1. Two options to transfer information from source S to two different destina-
tions D1 and D2
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If M transceivers are used for each node, M distinct links can be maintained
and used without the overhead of resynchronization. However, such a node is
significantly more complex and potentially expensive. In this paper, we focus
on nodes with a single transceiver. Hence, each network node can send to a
single destination and receive from a single source. In previous work (Taggart
et al., 2005), we showed that minimum delay is achieved by forming nodes
into rings and apportioning the aggregate capacity available to each link in
proportion to offered load.

2 Models

2.1 The Conceptual Models

The conceptual models of the operation of the three node network with packet
forwarding and with link switching can be best explained through diagrams
with explanatory remarks. The concept of operation for the ten node network,
essentially an extension of the three node network model, is explained in the
same fashion.

2.1.1 Three Node Packet Forwarding Operation

Understanding the operation of the packet forwarding model is important
because packet forwarding is common and useful in ad hoc networks, providing
a convenient alternative to requiring nodes to drop and reacquire each other
to send data packets. Figure 2 shows the conceptual model for a three node
network operating solely in a packet forwarding mode. Node 1 sends all traffic
to Node 2. Node 2 keeps its own traffic while forwarding traffic bound for
Node 3, which includes packets from Nodes 1 and 2. In this network set up,
the existing wireless links are used - dropping of links and reacquisition is not
performed because link switching is not required.
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Fig. 2. Three node packet forwarding diagram

We define a network of three wireless nodes, each of which is always within
wireless range of the others. Each node generates its own traffic and routes
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traffic received from other nodes. Each node i has one incoming wireless link
and one outgoing wireless link. Nodes 1 and 2 generate packets exponentially
distributed in time with an average packet generation rate of Gi packets per
second, which is defined as

G1 = λ12 + λ13, (1)

G2 = λ23. (2)

Nodes 1 and 2 have packet queues of infinite size and serve packets such that
the inter-service intervals are exponentially distributed with an average ser-
vice rate of ci packets per second. Arriving packets with destination i are
received at an average rate of RXi . The average traffic on the incoming link
to node i is given by P i. Arriving packets destined for other nodes are imme-
diately queued for forwarding. Node 3 neither generates nor queues packets,
but simply receives packets at an average rate of RX3.

2.1.2 Three Node Switching Operation

As discussed, the alternative to simply forwarding packets from node 1 to
node 3 via node 2 is to allow node 1 to drop its link with node 2, acquire and
establish a new link with node 3, and forward packets from Node 1 directly
to Node 3. The network set-up is provided in Fig. 3 below.
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Fig. 3. Three node network switching diagram

Node 1 contains two queues served by a single server with exponentially dis-
tributed service times. The average rate of packet service is c1, with the server
being shared between the two queues. Each queue is fed by packet generators
with exponentially distributed generation times with averages λ12 and λ13,
where λij is the average rate, in packets per second, of traffic originating at
node i and destined for node j.

Node 2 contains only a single queue and server, with packet generation and
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service times exponentially distributed at average rates λ23 and c2, respec-
tively. Node 3 simply receives packets for which it is the destination. In this
model, all packets from Node 2 have Node 3 as their destination. Packets from
Node 1 may have Node 2 or Node 3 as their destination.
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Fig. 4. Queue operation as nodes switch and reacquire wireless links

Figure 4 shows how the queue behavior changes during system operation. From
t0 to t1, the server in Node 1 serves only the queue with packets destined for
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Node 2. We will call this queue Q12. The queue with packets destined for
Node 3 (Q13) simply fills up during this time because the Node 1 server is
busy serving Q12.

Meanwhile, Q23 in Node 2 is served by the Node 2 server and packets are
forwarded to Node 3. At Node 3, packets are simply received with no additional
delay. The nodes continue in this state until the size of Q12 drops below a lower
threshold, NTlow.

From t1 to t2, the nodes are synchronizing as part of the link acquisition
process and no packets are served in any queue. (Later, we will define and use
the synchronization time, tsynch, related to this synchronization event.) Again,
all queues just fill up because packets are being generated but not served in
each queue.

From t2 to t3, Node 1 has acquired Node 3 and is sending packets from Q13.
Q12 and Q23 are not being served, so they just fill up. Service continues in this
manner until the queue size of Q13 drops below a lower threshold, NTlow.

Finally, from t3 to t4, the nodes synchronize wireless links again during ac-
quisition and all queues fill during the synchronization period. The stages of
this process repeat for future time increments. During the time represented in
Fig. 4, synchronization between network nodes occurs twice.

2.1.3 Ten Node Packet Forwarding Operation

In previous work (Taggart et al., 2005), we developed a mathematical model
for determining average packet delay in a ring network of UWB nodes. In this
model, each node generates packets exponentially distributed in time with
an average packet generation rate of Gi packets per second. Each node has
a single packet queue of infinite size and serves packets with exponentially
distributed inter-service intervals with an average service rate of ci packets
per second. Arriving packets with destination i are received at an average rate
of RXi. Arriving packets destined for other nodes are immediately queued for
forwarding. A block diagram of a node from this network is depicted in Fig. 5.
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Fig. 5. Block diagram of a network node
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2.1.4 Ten Node Switching Operation

For the ten node network, Node 3 occasionally switches between sending pack-
ets on to Node 7 and sending packets to Node 8. This behavior requires Node
3 to have a different physical structure than other nodes. As shown in Fig 6,
Node 3 must have a queue for each half of the network. One queue holds pack-
ets destined for Nodes 1, 2, 8, 9, and 10 and is termed the top half queue.
The other queue holds packets destined for Nodes 4, 5, 6, and 7 and is called
the bottom half queue. The top half queue has a low threshold NL

3 and a
high threshold, NH

3 . These values are used to control Node 3 switching in the
network.

c3

 3,top

Node 3

 3,bottom N3,bottom

N3,top

RX3

Fig. 6. Block diagram of Node 3

The sequence of operations is shown in Fig. 7. Here is how this network oper-
ates:

• (t0 to t1) All nodes forward packets normally. Node 3 holds packets for top
half (Nodes, 1, 2, 8, 9, 10) until the top half queue reaches the high threshold
value, NH

3 .
• (t1 to t2) Node 3 signals Node 7 to stop sending to Node 8. Node 7 acknowl-

edges the order from Node 3. Node 3 stops sending packets to Node 4. Node
7 stops sending packets to Node 8.

• (t2 to t3) Node 3 stops sending to Node 4. Node 3 acquires Node 8.
• (t3 to t4) Node 3 sends packets to Node 8 until the top half queue reaches

the low threshold, NL
3 .

• (t4 to t5) Node 3 stops sending to Node 8. Node 3 acquires Node 4.
• (t5 to t6) Node 3 signals Node 7 to acquire Node 8. Node 7 acquires Node

8.
• (t6 to t7) Node 7 signals Node 3 that it has acquired Node 8. Node 3 waits

for Node 7 acknowledgement befors sending data. Behavior continues with
the same events as in t0 to t1.

From Figure 7, we define four states: Node 3 sending to Node 4, Acquisition,
Node 3 sending to Node 8, and Waiting. The durations of each state are also
shown in Figure 7 and will be used later in delay calculations for the ten node
switching model.
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Fig. 7. The states of network operation used for calculating average delay

2.2 The Mathematical Models

We draw heavily from queuing theory to develop mathematical models for
the average packet delay for the packet forwarding and the switching network
models.

2.2.1 Three Node Packet Forwarding Operation

Approximating the queues as M/M/1 systems, we can write for the average
system delays:

T1 =
1

c1 − λ12 − λ13

(3)

T2 =
1

c2 − λ13 − λ23

. (4)

Keeping in mind that packets generated in Node 1 that are bound for Node
3 must wait in both the Node 1 and Node 2 queues, we obtain the expression
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for average packet delay:

T forwarding =
λ12∑

12,13,23 λij

(
1

c1 − λ12 − λ13

)
+ (5)

+
λ13∑

12,13,23 λij

(
1

c1 − λ12 − λ13

+

+
1

c2 − λ13 − λ23

)
+

+
λ23∑

12,13,23 λij

(
1

c2 − λ13 − λ23

)

For comparison with the behavior of the switching model, we develop delay
equations for the special case of a homogeneous network where the packet
generation and service rates for all nodes are the same. That is, Gi = G and
ci = c.
Substituting λ for λij and c for ci as described above, we obtain:

T forwarding =
λ

3λ

(
1

c− 2λ

)
+

λ

3λ

(
2

c− 2λ

)
+

λ

3λ

(
1

c− 2λ

)
, (6)

which reduces to:

T forwarding =
4

3

1

c(1− 2ρ)
, (7)

where ρ = λ/c. Later in the paper, we will use this homogeneous network
model to compare delays between the packet forwarding model and the link
switching model.

2.2.2 Three Node Switching Operation

For the node switching model, the time interval for each period can be ap-
proximated by the equations shown in Table 1. Here, Nij(tk) represents the
number of packets in queue ij at time tk. Synchronization time, tsynch, is the
time it takes for a node to drop wireless synchronization with one node and
establish a new wireless link with the other node and is assumed to be a con-
stant for this analysis. We also make the steady state assumption that queue
sizes for each queue are the same at the beginning and end of this switching
and synchronization cycle.

Using Little’s law and Table 1, we define a series of iterative equations to
approximate the number of packets in each queue at each time, t0 to t4. Then,
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Table 1
Queue service status and time intervals

Period In Service Duration Approximation

t0 − t1 Q12, Q23 t1 − t0 = N12(t0)−NTlow

c1−λ12

t1 − t2 None t2 − t1 = tsynch

t2 − t3 Q13 t3 − t2 = N13(t2)−NTlow

c1−λ13

t3 − t4 None t3 − t4 = tsynch

in order to obtain a solution for the steady state situation, we set N12(t4) equal
to N12(t0) and N13(t4) equal to N13(t0). This condition states that at the time
we observe the system of queues, the number of packets in Q12 and Q13 is stable
over a complete cycle of switching service and the required synchronization
between nodes for wireless link establishment.

At time t1, N12 has reached the low threshold at which switching must begin
so

N12(t1) = NTlow. (8)

Synchronization occurs during t1 to t2 with no queues being served, so we can
approximate

N12(t2) = NTlow + λ12tsynch. (9)

Applying the iterative equations and the steady state condition to the queue
sizes for Q12 and Q13, yields the approximations in Table 2.

Table 2
Switching model queue size approximations

Q12 size Q13 size

N12(t0) = N12(t3) + λ12tsynch N13(t0) = N13(t3) + λ13tsynch

N12(t1) = NTlow N13(t1) = N13(t0) + λ13(t1 − t0)

N12(t2) = N12(t1) + λ12tsynch N13(t2) = N13(t1) + λ13tsynch

N12(t3) = N12(t2) + λ12(t3 − t2) N13(t3) = NTlow

N12(t4) = N12(t3) + λ12tsynch N13(t4) = N13(t3) + λ13tsynch

These simultaneous linear equations can be solved in the standard way, noting
that there are only two independent variables, N12(t0) and N13(t2).

Starting with the equations in Table 2, we write
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N12(t0) = N12(t3) + λ12tsynch (10)

= N12(t2) + λ12(t3 − t2) + λ12tsynch

= NTlow + 2λ12tsynch + λ12

(
N13(t2)−NTlow

c1 − λ13

)

Simplifying and regrouping, we obtain:

N12(t0) =
(

λ12

c1 − λ13

)
N13(t2) + 2λ12tsynch (11)

+ NTlow

(
1− λ12

c1 − λ13

)
.

In a similar fashion, we obtain for N13(t2):

N13(t2) =
(

λ13

c1 − λ12

)
N12(t0) + 2λ13tsynch (12)

+ NTlow

(
1− λ13

c1 − λ12

)
.

Solving these equations simultaneously yields:

N12(t0) = NTlow + 2λ12tsynch

[
(c1 − λ12)

c1 − λ12 − λ13

]
, (13)

and

N13(t2) = NTlow + 2λ13tsynch

[
c1 − λ13

c1 − λ12 − λ13

]
. (14)

Using these equations, we solve for the time intervals t1 − t0 and t3 − t2 and
because t2 − t1 and t4 − t3 are both synchronization periods, we obtain the
results in Table 3.
Table 3
Switching model time duration approximations

Duration Expression

t1 − t0
2λ12tsynch

c1−λ13−λ12

t2 − t1 tsynch

t3 − t2
2λ13tsynch

c1−λ13−λ12

t4 − t3 tsynch

We uses results from M/M/1 queues with service vacations to approximate
the average system delays.
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Let V1, V2, ... be durations of successive vacations for an M/G/1 queue, where
vacation durations are assumed to be independent and identically distributed.

From (Bertsekas and Gallager, 1992), (Scholl and Kleinrock, 1983), the ex-
pected system delay is:

T = X +
λX2

2(1− ρ)
+

V 2

2V
, (15)

where λ is the average arrival rate in the queue, X is the average service time
for the server, X2 is the second moment of the average service time, V is
the average vacation duration, and V 2 is the second moment of the average
vacation duration.

For our model, the duration of the server vacations is a constant. For queue
Q12, the duration of server vacations is the sum of the time needed for the
nodes to synchronize, the time for queue Q13 to empty to the low threshold
value NTlow, and the time for the nodes to synchronize again.

V12 = 2tsynch +
N13(t2)−NTlow

c1 − λ13

, (16)

which reduces to

V12 = 2tsynch

(
c1 − λ12

c1 − λ12 − λ13

)
. (17)

Similarly,

V13 = 2tsynch

(
c1 − λ13

c1 − λ12 − λ13

)
, (18)

and, because queues Q12 and Q23 are ”on vacation” for the same duration,

V23 = 2tsynch

(
c1 − λ12

c1 − λ12 − λ13

)
. (19)

For a constant, c,

c = c, (20)

and

c2 = c2, (21)

12



therefore we can express the waiting time in queue Q12 as follows:

T 12(t0 → t4) =
1

c1

+
λ12

c1(c1 − λ12)
+ tsynch

(
c1 − λ12

c1 − λ12 − λ13

)
. (22)

The delays for queues with vacations Q13 and Q23 can be calculated in a
similar fashion yielding:

T 13(t0 → t4) =
1

c1

+
λ13

c1(c1 − λ13)
+ tsynch

(
c1 − λ13

c1 − λ12 − λ13

)
, (23)

and

T 23(t0 → t4) =
1

c2

+
λ23

c2(c2 − λ23)
+ tsynch

(
c1 − λ12

c1 − λ12 − λ13

)
. (24)

Using the average delay for each queue, we compute the overall average delay
for the network by taking the weighted average of the average queue delays
with respect to the number of packets generated in each queue:

T overall(t0 → t4) =
N total

12

Ntotal

T 12(t0 → t4)

+
N total

13

Ntotal

T 13(t0 → t4)

+
N total

23

Ntotal

T 23(t0 → t4), (25)

where

N total
ij = λij(t4 − t0), (26)

and

Ntotal = N total
12 + N total

13 + N total
23 . (27)

Using these equations, we can calculate average network delay as long as
we know generation and service rates, and the threshold value, NTlow, for
switching the in-service queue.

For use later in comparing the average delays for the case when all nodes are
homogeneous, we derive the equivalent homogeneous node delay equation to
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(7) for the link switching case by substituting c for ci and λ for λij:

T switching =
1

c
+

λ

c(c− λ)
+ ts(

c− λ

c− 2λ
). (28)

Using ρ = λ/c, this equation becomes

T switching =
1

c(1− ρ)
+ ts(

1− ρ

1− 2ρ
). (29)

2.2.3 Ten Node Packet Forwarding Operation

Our model approach for packet forwarding in the ten node ring will be to
assume that each queue operates as an M/M/1 queue and use the delay equa-
tions for each link derived in (Taggart et al., 2005). We will sum the delays
over all links, assuming that each link is weighted equally. Thus, total delay
is given by

TD(ci) =
10∑

i=1

1

ci − ARi

, (30)

where ci is the capacity and ARi the arrival rates at each Node i. Arrival rate
is given by

ARi = Gi + Pi −RXi, (31)

where Gi is the generation rate of packets, RXi is the receive rate of packets,
and Pi is the offered load at Node i.

2.2.4 Ten Node Switching Operation

The approach for modeling the effect of switching behavior on delay in the
ten node UWB ring is more complex. We still sum the delays in each node
to arrive at total delay. Nodes 3 and 7 behave as servers with vacations, but
when the ring is switched to send packets from Node 3 to Node 8, the offered
loads to all nodes change as well. For example, Nodes 4 and 8, while served
constantly go through periods when the offered load to each node goes to zero.
This occurs when Nodes 3 and 7 stop sending traffic, for example when they
are synchronizing with Nodes 4 and 8. Our approach is to calculate delays for
each node in each network state defined in Fig. 7and sum for each based on the
duration spent in each state of operation. In this discussion acquisition time,
tacq, is the same as synchrohnization time, tsync, for the three node model.
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For all nodes but 3 and 7, the delay formula in (30) works well, but because
of the way the network operates with Node 3 having two queues, the bottom
half nodes (4, 5, 6, 7) never forward any of the traffic bound for the top half
nodes (1, 2, 8, 9, 10) from Node 3. Node 3 holds on to all of this traffic to send
directly to. Node 8 after the link switching operation. The arrival rate in the
queue, ARi, for each of these nodes changes as the network changes state. For
the four states shown in Figure 7, here are the applicable delay equations for
Node 1. All Nodes but 3 and 7 follow similarly.

Node 3 sending to 4 state:

T 3to4
1 =

1

c1 + RX3to4
1 − P1

3to4 −G1

(32)

Node 3 sending to 8 state:

T 3to8
1 =

1

c1 + RX3to8
1 − P1

3to8 −G1

(33)

Acquisition state:

T acq
1 =

1

c1 + RXacq
1 − P1

acq −G1

(34)

Wait state:

Twait
1 =

1

c1 + RXwait
1 − P1

wait −G1

. (35)

To evaluate these equations, we define offered load matrix, T :

T =




0 λ1,2 λ1,3 . . . λ1,10

λ2,1 0 λ2,3 . . . λ2,10

λ3,1 λ3,2 0 . . . λ3,10

...
...

...
. . .

...

λ10,1 λ10,2 λ10,3 . . . 0




(36)

where each λi,j represents the average offered load in packets or bits per second
between node i and node j in the network and 10 is the number of nodes in
the network. We calculate the values for Pi

state
and RXstate

i by inspection from
the offered load matrix, T . For example,
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P1
3to4

=
∑

i=4,5,6,7,8,9

λi,1 +
∑

i=4,5,6,7,8,9

λi,2 +
∑

i=4,5,6,7,8,9

λi,3 +
∑

i=4,5,6,7,8,9

λi,4 +(37)

+
∑

i=6,7,8,9,10

λi,5 +
∑

i=7,8,9,10

λi,6 +
∑

i=8,9,10

λi,7 +
∑

i=9,10

λi,8 + λ10,9

and

RX3to4
1 =

∑

i=4,5,6,7,8,9,10

λi,1. (38)

The task of calculating all these values is laborious, but not difficult. Nodes
3 and 7 behave differently, so we use another approach to calculate delays
in each state. First, recall that Node 3 actually has two queues, so we must
calculate delays for both queues. In addition, during the Acquisition and Wait
states no packets are served in Nodes 3 and 7, so average delay for packets
during this time is just 1/2 of the duration of the state. Finally, when Node 3
sends to Node 4, packets in the upper half queue in Node 3 do not get served,
so the delay is 1/2 of the duration of the state. The converse is true when the
upper half queue of Node 3 is operating and the lower half queue is without
service. For convenience, we number the upper half queue in Node 3 as Queue
11. We write

T 3to4
3 =

1

c3 + RX3to4
3 − P3

3to4 −GLH
3

(39)

T 3to8
3 =

1

2

(
NH

3 −NL
3

(c3 − ARU
3 )

)
(40)

T acq
3 =

1

2
(2tacq) (41)

Twait
3 =

1

2

(
tacq +

10∑

i=1

1

ci

)
. (42)

For Queue 11, the upper half queue in Node 3, we write

T 3to4
11 =

1

2

(
NH

3 −NL
3

(c3 − ARU
3 )

+
10∑

i=1

1

ci

)
(43)

T 3to8
11 =

1

c3 + RX3to8
3 − P11

3to8 −GUH
3

(44)

T acq
11 =

1

2
(2tacq) (45)

Twait
11 =

1

2

(
tacq +

10∑

i=1

1

ci

)
. (46)

Finally, for Node 7 we write
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T 3to4
7 =

1

c7 + RX3to8
7 − P7

3to8 −G7

(47)

T 3to8
7 =

1

2

(
NH

3 −NL
3

(c3 − ARU
3 )

)
(48)

T acq
7 =

1

2
(2tacq) (49)

Twait
7 =

1

2

(
tacq +

10∑

i=1

1

ci

)
. (50)

For each state, we sum the delays in all nodes. Then we take the sum of the
delays by state, weighting for the duration of each state.

T overall = W3to4

11∑

j=1

T
3to4
j + W3to8

11∑

j=1

T
3to8
j + Wacq

11∑

j=1

T
acq
j + Wwait

11∑

j=1

T
wait
j (51)

where

Wstate i =
Durationstate i∑

all states i Durationstate i

(52)

2.3 Simulation Models

We use MATLAB to develop event-based simulation models for the three node
network in both packet forwarding and in link switching operation. At this
time, the simulation models for the ten node network are still in progress, we
include only a preliminary comparison between the mathematical and simu-
lation models for the ten node network.

2.3.1 Three Node Packet Forwarding Operation

Inputs to the model included average packet generation rates for packets, λ12,
λ13, and λ23 and the average service rates at Nodes 1 and 2, c1 and c2. Each
simulation ran until 30,000 packets were received at nodes 2 and 3. We ran
the simulation 50 times to obtain the average packet delay. We plotted error
bars indicating the 95% confidence intervals of the data.

2.3.2 Three Node Switching Operation

The simulation model for three node switching operation was also written
in MATLAB. Inputs to this model also included average packet generation
rates for packets, λ12, λ13, and λ23 and the average service rates at Nodes 1
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and 2, c1 and c2. The model run duration depended on the number of queue
switches desired. We ran the model for three to ten queue switching periods,
but ignored the delay data from the first one to four switching periods to try
to prevent system start up behaviors from affecting the delay data collected.
We used the total number of received packets at nodes 1 and 2 as a secondary
limit to the number of queue switches for the cases when short synchronization
times allowed rapid switching between the queues. Again, when presenting the
data, we plotted error bars indicating the 95 percent confidence intervals.

2.4 Selection of Modeled Parameters

2.4.1 Three Node Model

The plan and demonstrated data rates for UWB operation are about 500 Mb/s
(Roy et al., 2004), which is nearly the same as the maximum 480 Mb/s rate
specified for WiMedia UWB (ISO, 2007). Assuming an average packet length
of 1500 bytes, this yields a transmission rate of 42,000 packets per second,
therefore we choose our basic service rate to be 40,000 packets per second. To
verify that models are applicable over a range of parameters, we also looked at
situations with average service rates that were 50% higher, or 60,000 packets
per second.

For continuous stable operation in the packet forwarding mode, the combined
Node 1 packet generation rate, the sum of λ12 and λ13, cannot exceed the
average service rate at Node 1. This led to our choice of 15,000 packets per
second as the basic average packet generation rate in each node.

Our choice of values for synchronization time were initially based on previous
studies of UWB systems indicating that synchronization times were on the
order of µs (ISO, 2007) to tens of ms (Roy et al., 2004). However, we quickly
realized that for longer synchronization times (ms), packet forwarding would
always achieve significantly less average packet delay than switching opera-
tion for our three node network. So, we needed to find an interesting operating
point of this system where the combination of certain generation rates, ser-
vice rates, and shorter synchronization times might make switching between
nodes more desirable than simply forwarding packets through the established
wireless links.

One very helpful way to identify this operating point is to use the mathemat-
ical models for packet forwarding and for link switching operation in the case
of homogeneous nodes. By homogeneous, we mean that the nodes all have the
same packet generation and service rates. By setting (7) for the forwarding
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model equal to (29) and simplifying, we obtain:

tsynch =
1 + 2ρ

3c(1− ρ)2
. (53)

When plotted in Fig. 8 for various service rates, c, and utilization factors ρ,
this equation shows lines where the total average delay for forwarding packets
is equal to the delay obtained when switching the links. For a given service
rate and utilization, if the synchronization time used in the system is a bit
smaller than the value on the equal delay line, a smaller delay will be incurred
by switching links. If the synchronization time used in the system is a bit more
than the equal delay line value, a smaller delay will occur when packets are
forwarded without disturbing existing links.

0 0.1 0.2 0.3 0.4 0.5
10

−6

10
−5

10
−4

10
−3

c= 4000 pkts/s

c= 10000 pkts/s

c= 20000 pkts/s

c= 40000 pkts/s

ρ=λ/c

t sy
nc

h (
s)

Lines of equal delay for the packet forwarding and link switching mathematical models

Fig. 8. Lines of equal delay for packet forwarding and link switching operation based
on the mathematical models

In other words, this chart can be used to determine for our network whether
for a given achievable synchronization time, the system should be set up to
switch links or simply forward traffic without disturbing the links.

It is clear from Fig. 8 that for service rates characteristic of UWB networks,
40,000 packets per second, and for the utilization factor considered, ρ ≈ 0.375,
that acquisition times must be smaller than about 50 µs to tip the advantage
towards switching links rather than simply forwarding the packets through the
intermediate node. This observation helps us focus our modeling on interesting
values of acquisition time.

Figure 9 shows us the same information in a more intuitive way by plotting
average delay time as a function of the utilization factor, ρ, for different syn-
chronization times. The average packet service rate is fixed at our standard
40,000 packets per second. The plot clearly shows that under these condi-
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Fig. 9. Comparison of average packet delay for packet forwarding versus packet
switching operation based on the mathematical models

tions, switching operation incurs less delay than forwarding operation only in
the region

10µs / tsynch / 50µs. (54)

The remaining problem, though, is that we don’t know a priori how accurate
the mathematical models are. If the models are accurate, this technique pro-
vides a useful way to determine the best mode of operation for the network.
If the models are not accurate, utility decreases. We discuss the results of the
models, including accuracy when compared to the simulation models in (3).

2.4.2 Ten Node Model

The ten node model assigns loads randomly in the offered load matrix, T ,
defined previously in Fig. 36. The offered loads, λi,j, are assigned randomly
from a uniform distribution between 0 and 15,000 packets/s. The values for
the high and low thresholds for the top half queue in Node 3 are variables. We
keep the low threshold at zero and set the high threshold at between 5 and
20 packets. We set capacities for each node to values that provide aggregate
capacity that exceeds the total offered load by a selectable amount. We look
at cases for the aggregate capacity at 1.05, 1.01, and 1.005 times total offered
load. Generally, we examined average delay for acquisition times from 0 to 5
µs, 0 to 50 µs, and 0 to 500 µs for the reasons given in the discussion of model
parameters for the three node model.
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3 Results

This section compares and explains the results of the mathematical and sim-
ulation results for the packet forwarding and the packet switching models.

3.1 Three Node Packet Forwarding Operation

The mathematical and analytical models for the three node network operating
only by packet forwarding agreed very well, as shown in Table 4. The average
delays agree very well and the 95% confidence interval is small in comparison
with the mean delay.

Table 4
Average packet delay comparison for packet forwarding models

Model Average Packet 95% Confidence

Delay Interval

Mathematical 133.3 µs NA

Simulation 133.6 µs 9.7 µs

3.2 Three Node Link Switching Operation

For longer synchronization times, the mathematical and simulation models for
the three node network with link switching operation also agree well. Figure 10
shows good agreement between the mathematical model and the simulation
model for synchronization times from 0 to 50 ms for two different average
packet service rates.

The results for much shorter synchronization times do not match as well as
for higher synchronization times. For synchronization times from 0 to 50 µs,
Fig. 11 shows that the mathematical model underestimates the actual delay
for the same values of average packet service rate.

The likely reasons for this mismatch becomes when we examine the aver-
age packet delays in each individual node. Fig. 12 compares the overall and
individual queue delays for two cases. The left four plots are for a longer
synchronization time - tsynch = 50ms. The right four plots are for a short
synchronization time - tsynch = 50µs. Each group of four subplots shows the
overall delay, the delay in Q12, the delay in Q13, and the delay in Q23 clockwise
around the figure starting in the upper left quadrant.
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Fig. 10. Good agreement is seen in model comparisons for tsynch = 50ms and two
values of average packet service rate
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Fig. 11. The mathematical model underestimates delay in model comparisons for
tsynch = 50µs and two values of average packet service rate

In Fig. 12(a), for tsynch = 50ms, the mathematical and simulation models
match well for Q12 and Q13, but not very well for Q23. In Fig. 12(b), the
models don’t match that well for Q12 and Q13, but the match is even worse
in Q23.

The discrepancies arise from the assumptions used in the mathematical model
regarding exhaustive service in the queues and achievement of steady state
operation. In using the server with vacations model for queue operation, we
inherit the implicit assumption that the queues are all exhaustively served.
This is true for Q12 and Q13 in our model, but not exact for queue Q23. Because
Q23 only switches service when Q12 switches service, the service policy at Q23

is a limited service policy, not an exhaustive one. During a switching cycle, the
number of packets in Q12 is always forced to zero at the end of the cycle by
requiring exhaustive service of the queue. However, Q23 may still have packets
in the queue, even when Q12 is empty. Even if generation and service rates
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Fig. 12. Subplots of individual queue delays in model comparisons for tsynch = 50ms
and tsynch = 50µs.

are the same for the two queues, over many queue switches, Q23 may retain a
backlog of packets, and therefore with a longer average delay for each packet.

Also implicit in the derivation of our mathematical delay model is the idea
that each queue is effectively in steady state and that the maximum queue
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size of each queue is approximately constant from cycle to cycle. This allowed
us to set up and solve the simultaneous equations for delay in Section 2.2.2,
but assumed that queues were in equilibrium. For very short synchronization
times, the queues may not reach this equilibrium condition before service is
switched. Thus, our mathematical delay formulation underestimates the actual
delays seen in the simulation model results.

3.2.1 Ten Node Network

There are three factors that influence the delay performance of the ten node
model: the high switching threshold for the top half queue in Node 3, HH

3 ,
the excess capacity ratio, B, and the acquisition time required for nodes to
re-synchronize with a new link.

An interesting feature of the mathematical delay model for the ten node
switching ring network is the non-linear shape of the delay plot, seen in Fig-
ure 13. This plot shows average delay for acquisition times between zero and
100 µs with excess capacity factor of 1.05 and a switching threshold of five
packets. Intuitively, we expect delay to increase monotonically with acquisi-
tion time, but the plot shows a slight decrease in average delay for increasing
acquisition time for a small region of acquisition times. The parabolic shape
of the delay curve is due to the effect of weighting and summing the indi-
vidual delays to obtain total average delay. As the acquisition time increases
from zero, the delays in the Node 3 sending to 4 and Node 3 sending to 8
states of Figure 7 increase, but are weighted less because the duration of these
states become increasingly short as compared to the Acquisition and Wait
states. The weighting effect dominates at first causing the total delay curve to
slope slightly downwards. Over time, however, the decrease in weighting due
to increasing acquisition time is overcome by the fact that actual delays in all
states are increasing or remaining constant as the acquisition time increases.
This causes the total delay to ramp up again. As we will see, this effect does
not seem to occur in the simulation model.

Fig. 14 shows the effect of excess capacity and queue switching threshold on the
ten node network with acquisition times ranging from zero to five milliseconds.
For longer acquisition times, neither excess capacity nor the value chosen for
the switching threshold significantly affects the average delay. For these cases,
the packet forwarding ring network outperforms the ring with switching nodes
except for very short acquisition times. The effect of excess capacity and the
switching threshold are greatly outweighed by the large acquisition time. In
fact, comparing Fig. 14 with Fig. 10 for the simple three node switching model
shows that even the effect of the number of nodes in the network on delay is
overshadowed by large acquisition delays.
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Fig. 14. Ten node network delay versus capacity excess at longer acquisition times

We developed an event-based simulation model in MATLAB for the ten node
switching model. The three factors that influence the delay performance of the
ten node switching network model are the high switching threshold for the top
half queue in Node 3, NH

3 , the excess capacity ratio, B, and the acquisition
time required for nodes to re-synchronize with a new link. We looked at these
factors by analyzing model results in three acquisition time regimes: 0 to 5
µs, 0 to 50 µs, and 0 to 500 µs. We provide plots and a summary of selected
results here.

Figure 15 shows the average delay as a function of acquisition time for the
case when excess capacity is 1.01 times the total offered load. The capacity
bound is the excess capacity factor times the total network capacity. The
average node capacity is the capacity bound, B, divided by the total number
of network nodes. The average offered load is the average λi,j value from the
traffic matrix, T. The top dotted line is the mathematical model prediction
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Fig. 15. Model performance comparisons for average network delay as a function of
node acquisition delay

of average delay as a function of acquisition time. The solid straight line is
the mathematical model prediction of average packet delay for the packet
forwarding ring with no switching. The hashed line in the middle with 95
percent confidence bars is the simulation model delay versus acquisition time.

In Figure 15(a), for acquisition times on the order of 0 to 5 µs, the average
delay from the simulation model is comparable to the mathematically mod-
eled delay for a switched network with these parameters. However, the delay
predicted by the mathematical model for the packet forwarding ring network
is quite a bit lower than the delay modeled for the switching network.

In Figure 15(b) acquisition times are on the order of 0 to 50 µs. The mathe-
matical model for average delay for the switched ten node network is not far
off from the delays predicted for the forwarding ten node ring. However, the
simulation model for packet switching yields a higher average delay. Overall,
the models predict that forwarding operation in the ten node ring will have
the smallest average delay.
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Finally, in Figure 15(c) acquisition times are on the order of 0 to 500 µs and the
switching threshold is 20 packets versus 5. The mathematical and simulation
model delay predictions for the switched ring network begin to diverge. The
delay calculated by the mathematical model for the switching network shows
a steeper increasing slope than that of delays obtained using the simulation
model. The mathematical model for the forwarding ring network provides the
smallest delay.

4 Conclusions

The paper derives mathematical and simulation models for the average packet
delay for two types of operation for a simple UWB network of three nodes with-
out a UWB MAC layer. The paper also describes a mathematical model for a
ten node ring network in which one node can switch between delivering packets
to its downstream neighbor and delivering packets to its the opposite node on
the ring. For the three node models, forwarding packets through the interme-
diate node to the last node achieved the shortest average delay. However, when
the synchronization time needed to support switching wireless links between
nodes is very small, the network may incur less delay by switching links. We
showed good agreement between mathematical and simulation-based models
of average network delay at longer synchronization times. However, at very
short synchronization times the mathematical model underestimates average
packet delay, mainly because of the assumption of an exhaustive service pol-
icy in Q23 implicit in the server with vacations model. Contributing to this
inaccuracy was the additional approximation of equilibrium queue operation
that loses its accuracy for very short synchronization times.

For the ten node ring network, we showed the effect of switching threshold,
excess capacity, and acquisition time on average packet delay. These effects
show that for small acquisition times, the switching model can deliver packets
with delay comparable to simply forwarding packets around the ring. We also
showed that large synchronization times overshadow effects of the switching
threshold and excess capacity and recognized that the mathematical model
results were very similar for the three node and ten node models for large
acquisition times. Finally, we included a comparison between the ten node
mathematical delay model and delay results obtained from our simulation
model for the network. This comparison showed comparable delays between
the simulation model and the mathematical model for small acquisition times
on the order of 5 µs. For longer acquisition times, 50-500 µs, the average delay
predicted for the packet forwarding model is significantly less than delays from
the simulation model of the packet switching topology.
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