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Abstract

In this paper the approximate and simulated through-
put of Bluetooth networks, which employ a packet-
based frequency-hopping scheme, are compared. The
approximate throughput is given as a function of the
number of adjacent networks, the packet types avail-
able, and the probability of networks selecting a cer-
tain packet type for transmission. Furthermore, the
approximation was derived under the assumption that
collisions result in a total loss of the data in the col-
liding packets. In the simulations, the throughput
of a reference network in the presence of interfering
networks was measured. Free-space path loss was as-
sumed and the interfering networks were randomly
placed on a circular area with the reference network
at its center. It was concluded that the approxima-
tion gives reasonable values on the throughput, with
increasing accuracy the closer the interferers are to
the reference network units.

1 Introduction

It is expected that the number of electronic consumer
products with the ability to interconnect using short-
range radio interfaces will increase dramatically in the
near future. One technique that will be used in these
interfaces is slow frequency hopping, where frequency
hops are performed on a packet basis. It enables un-
coordinated use of several networks in the same fre-
quency band.

However, interference is unavoidable and will in-
crease with the number of transmitting units, with
decreased throughput as a result. Naturally, an ex-
pression that quantifies the impact of the interference
on the throughput is desired. Therefore, we have in
a previous paper [2] derived an approximate expres-
sion for the throughput as a function of the number
of collocated units. The derivation was performed for
the case where units can transmit packets of varying
lengths. Furthermore, it was assumed that the slight-
est overlap in time and frequency, i.e., a collision, be-
tween packets results in a total loss of the information
contained in the colliding packets.

In order to evaluate the validity of the system model
introduced in [2], or more specifically the assumption
that collisions result in lost packets, we in this paper
compare the approximate throughput of a system of
Bluetooth networks with the throughput obtained by
more realistic simulations. The results give indica-
tions for which scenarios the system model is valid.
In the simulations, Bluetooth networks are randomly
placed over a circular area of a given radius and the
signal attenuation is given by the free-space path loss.

In all, this paper indicates when the approximate
throughput agrees well with more realistic system
models, and a deeper understanding of frequency-
hopping systems that transmit packets of varying
lengths is given. Herein lies the novelty of our work
since previous analyses of slow frequency-hopping sys-
tems have been limited to one packet size.

The outline of the paper is as follows. The sys-
tem model is given in Section 2 and the throughput
analysis is summarized in Section 3. The application
example along with the simulations are presented in
Section 4 and, finally, some concluding remarks are
given in Section 6.

2 System Model

Our system is defined to consist of N networks. We
further define a network to consist of an arbitrary
number of units that communicate without interfer-
ence. Specifically, there is exactly one ongoing trans-
mission within a network at a time. This implies that
units within a network are coordinated in some man-
ner.

How the resources are divided between the network
units or the resulting throughput of a specific unit is
not of interest here; the performance of the networks
and of the system is considered as a whole. The term
network transmission is used for a transmission by any
unit within a network.

Networks transmit packets that consist of the fol-
lowing components: a header of length h;, a payload
of length /;, and a guard interval of length d;, where
i refers to the ith packet type. The components of
a type ¢ packet can be seen in Figure 1. The inter-



Figure 1: Definition of a packet and its components:
header, payload, and guard interval. Their lengths are
h;,l;, and d;, respectively, and the sum of the lengths
equals L;.

val h; +1; during which the transmitter is active, i.e.,
transmitting, is referred to as the active interval. In
contrast, the transmitter is idle during the guard in-
terval. The lengths [;, h;, and d; are here specified in
seconds, and L; = h; + I; + d; is used for the entire
packet length.

The probability of selecting a packet of type i for
transmission is denoted r;. The packet types and their
corresponding probabilities are henceforth referred to
as a packet type distribution. Further, it is assumed
that networks always have packets to transmit and
they are only idle during the guard interval.

When a new packet is to be sent, a packet type
is selected from the set of available packet types and
a new frequency channel is also selected. The new
channel is selected from a set of g channels and all
channels are selected with the same probability. In
other words, a packet-based slow frequency-hopping
scheme is employed. The scheme is termed slow since
hops are not performed after each symbol or parts of
a symbol, but after each packet. We further assume
that all networks select their channels independently
of all other networks.

Transmissions are not synchronized between net-
works, 1.e., there is no coordination between networks
of the start of packet transmissions.

In the analytical throughput analysis we assume
that should there occur a collision, all packets involved
in the collision will be destroyed and the information
contained in the colliding packets is lost. On the other
hand, if no collisions occur packets are assumed to be
correctly received. In the simulations we use more re-
alistic assumptions and take into account the amount
of interfering energy when determining if a packet is
successfully received. These two approaches are fur-
ther detailed in the coming two sections.

3 Throughput Analysis

The method employed for obtaining an expression for
the throughput of FH systems is the introduction of a
variable-length reference packet, for which an approx-
imation of the probability of successful transmission
is found.

Consider a system of N networks. One of these net-
works will act as a reference network and the other
N — 1 networks will act as interferers. It is assumed
that the interferers all use the same packet type dis-
tribution although extending the analysis to a case
without this restriction poses no major difficulties.

Here follows the results of the derivation of the ap-
proximate throughput as presented in [2].

Let T be the length of the active interval of the ref-
erence packet and P(S;T) be the probability of suc-
cessful transmission of reference packet of length T.
This probability can be expressed as

oo 1 n
P(ST) = piot(n; T) <1 - —> : 1)
n=0 q

Here, piot(n; T) PDF for the total number of over-
laps generated by the interfering networks during the
transmission of the reference packet and (1 —1/q)"
is the probability of successful transmission given n
overlaps.

Although the exact probability function of the sum
of the number of overlaps p;ot (n; T') is possible to eval-
uate, it it quite tedious and the result is difficult to
analyze. Therefore, piot(n;T) is approximated with
a Dirac pulse located at the mean of the number of
overlaps, i.e., at figor = Yoo MProt (15 T).

By applying the approximation, (1) reduces to

oo 1 n 1 Mot
P(ST) = pior(n; T) <1 - —) ~ <1 - —) ,
n=0 q q

(2)
and the approximation of P(S;T) is denoted P(S;T),
ie., B
- 1 Ntot
P(S;T) = (1 - E) . (3)
As derived in [2], the average total number of over-
lapping packets 7yt generated by the N —1 interfering
networks is given by

T+ 3t ri (Li — di)
Yoiey e Li

where M is the number of packet types.

Substitution of (4) into (2) yields a closed form ap-
proximation for the probability of successful transmis-
sion of a reference packet whose active interval length
is T

Tiot = (N — 1) , (4)

T+Zf\£1 ri(Li—d;)
M

P(S;T)_<1$>(N_l) DR (5)

The throughput, which is denoted by R, is the mean
fraction of the channel time that is used for successful
transmission of data in the payloads. Hence, through-
put is given by the ratio between the mean length of



Parameter | Value

Number of channels q="19
Header length h =160 us
Guard interval d =220 us
Payload lengths 1y =250 us

lo = 1500 s

I3 = 3000 us
Packet type probabilities | 71 =r9 =rg3 = %

Table 1: The Bluetooth parameters.

the successfully transmitted payloads and the mean
packet length, including the guard interval. If the ref-
erence network uses the same packet type distribution
as the interfering networks, we have

M
> Tnln P(S; Ly — dn)
R= n=1

o (6)
> Ly
k=1

Finally, by using the approximation (5) in (6), the
approximate throughput, R, for the reference network
becomes

L dp+ Mo (£;—a;)

“n—dn . i\ i 4

==t B >(N1)
Zk:l "k Tk

M <
Tnln (1 — %)
1

=

M
S riLy
k=1

(7)

4 Simulations

In order to investigate the validity of the system model
presented in Section 2, a Bluetooth scenario is exam-
ined. The throughput of a Bluetooth reference net-
work in the presence of other interfering Bluetooth
networks is both calculated and simulated. It is as-
sumed that all networks, including the reference net-
work, use the same packet type distribution.

The parameters roughly describing Bluetooth net-
works, can be found in Table 1 and these are used
in (7) to obtain the throughput for N — 1 interfering
networks. Note that all packet types in the packet
type distribution have the same header length, i, and
guard interval, d.

The simulation setup is as follows. At the center of
a circle with a radius of p meters a reference network
is placed. The reference network, as well as the in-
terfering networks, consist two communicating units
and the distance between the two units of the refer-
ence network is y meters. The interfering units are
randomly placed according to a uniform distribution
over the surface of the circle. This is illustrated in
Figure 2.

Reference
network

Y

Figure 2: Illustration of the simulation setup where
the reference network is placed at the center of a circle
of radius p. The distance between the two units of the
reference network is y.

Value
P, =1 mW
Chin =-70 dBm
SIR,,;» =11 dB
fe =2.4 GHz

Parameter |

Transmit power
Minimum received power
Minimum SIR

Center frequency

Table 2: The Bluetooth radio parameters used in the
simulations.

For simplicity we assume that the transmission of
a packet is successful if the requirements for both the
minimum received power and the minimum signal-to-
interference ratio (SIR) are satisfied. This is not en-
tirely realistic either, but it is sufficient for the com-
parison in this paper. The parameter values used in
the simulations, including transmit power and center
frequency, are given in Table 2. Further details about
the radio parameters can be found in [1].

To determine if a packet has been successfully re-
ceived in the simulations, both the received useful en-
ergy in the packet, E¢, and the interfering energy
generated by the interferers, E7, must be calculated.
We assume a static environment and the path loss, A,
between two units is assumed to be given by the free-
space path loss between isotropic antennas. Hence,

SO

C

where x is the distance between the units, ¢ is the
speed of light, and f. is the center frequency, which
we have set to 2.4 GHz in the simulations.

The received useful power, C, at the receiver of a
reference packet is

P

C= A (9)

where A,qf is the path-loss between the two units in
the reference network and P, is the transmitted power.



Interfering packets

01
k_l: 02
—
k=2 b3
—
k=3

Reference packet

Figure 3: Three interfering packets overlapping a ref-
erence packet in both time and frequency. The length
O3 of the overlap from each packet k is shown.

Then, if the payload length of the reference packet is
lref, the received useful signal energy is

Ec = C(h + L) (10)

The interfering power generated by the kth packet
overlapping the reference packet in time and fre-
quency, I, is given by

- A_kv (11)

where Ay, is the is the path-loss between the receiver of
the reference packet and the unit transmitting the kth
interfering packet. Then, if there are K interfering
packets overlapping the reference packet in time and
frequency, the total interfering energy received is

K
E; = Z[kék, (12)
k=1

where 6y, is the length of the overlap by the kth inter-
fering packet, as illustrated in Figure 3.
For each packet received by a unit in the reference

network, the SIR is calculated as

Ec

SIR = — 13

i (13)
and compared to the threshold, SIR,,;,, specified in
Table 2. As mentioned above, we assume that the
packet is successfully received if both

C 2 Cmin (14)

and
SIR Z SIRmin- (15)

The condition (14) in combination with the distance
attenuation model used, results in a maximum dis-
tance yYmax between the reference network units for
possible packet transmissions. This distance can be
calculated using (8) and (9) to be ymax = 31.5 m. If

------ Approximation
—— Simulation

Throughput [Mb/s]

0 20 40 60 80 100
Number of interfering Bluetooth networks

Figure 4: Throughput from both approximate expres-
sion and simulations as a function of number of inter-
fering networks. The distance between the reference
network units is ¥y = 1 m. It can be seen that the
agreement between simulations and analytical expres-
sion is high only for a small radius, p, of the area where
the interferers are placed.

the reference network units are farther away from each
other than y,.y, then throughput will be zero since
the condition (14) will not be fulfilled for any packet
transmissions within the reference network. In our
simulations, the network units will always be closer
than the maximum of 31.5 m, hence making the SIR
the limiting parameter. The careful reader have no-
ticed that 31.5 m is more than the stated 10 m reach
of Bluetooth, which is a result of the simplified con-
ditions under which we perform the simulations.

5 Results

The results of the simulations and the results from
the approximative expression are shown in Figure 4.
The distance y between the units of the reference net-
work is 1 meter and it can be seen that the simulated
throughput for the reference network deviates from
the approximation quite substantially when the inter-
fering networks are spread over the larger simulation
areas, i.e., when the radius p is large. However, for
smaller radii of the simulation area, the throughput
is well approximated by the expression in (7). This is
of course a consequence of putting more networks in
the immediate neighborhood of the reference network,
making each packet collision more severe in terms of
SIR.

Common for the simulated curves is that the ap-
proximation seems to be a lower bound for the
throughput, which agrees well with the assumptions
used in the analytical derivation of throughput.



6 Conclusions

The results in Section 5 show that the approximate
analytical expression for the throughput of packet-
based slow frequency-hopping networks derived in [2]
gives reasonable values when the impact of the inter-
ference from adjacent networks is severe. As we have
seen, this is the case when the interfering networks
are close to the reference network. For our setup,
with 1 m between the reference units, the accuracy is
very good if the interferers are within a radius smaller
than about 1 m. In terms of Bluetooth user scenar-
ios this implies that our simplified analytical model
should be useful when analyzing, e.g., body-area net-
works where we can expect the communicating units
to be located within these dimensions. Further, the
analytical expression is conservative in the sense that
it does not over-estimate the throughput. This inves-
tigation is of course limited to a special case, but it
still indicates the possibility of a more general use.

This initial study will be extended with more de-
tailed comparisons and more realistic simulation se-
tups.
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