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Impact of Power Control and Lognormal Shadowing
on the Mean Transmit Power of Bluetooth Devices

Kun-Wah Yip, Member, IEEE,and Tung-Sang Ng, Fellow, IEEE

Abstract—This letter analyzes Bluetooth’s power-control algo-
rithm with a goal to study the mean transmit power required in the
presence of lognormal shadowing. The following results are found.
1) A smaller power-control step size yields a lower mean transmit
power. 2) When the standard deviations of lognormal shadowing
are 3 and 6 dB, respectively, a Bluetooth device needs to consume
11.1 dB and 15.0 dB more in the transmit energy than the minimum
one required in the absence of shadowing. 3) The transmit energy
consumption varies by around 6 dB among Bluetooth devices as a
result of the 6 dB tolerance in theGolden Receive Power Range,
which has a nominal size of 20 dB.

Index Terms—Bluetooth, power control, shadowing.

I. INTRODUCTION

I T IS POSSIBLE to minimize the transmit power of Blue-
tooth devices by using feedback power control that is

elaborated in the Bluetooth specification [1]. For devices used
in homes and offices, shadowing loss due to the movement of
people inside buildings has a significant impact on the mean
transmit power. Evaluating this impact becomes important as
the battery support life of portable Bluetooth equipment can
be estimated. However, previous literature on feedback power
control, e.g., [2]–[4], has been mainly focused on the capacity
increase of cellular CDMA networks and cannot be used to
compute the mean transmit power for Bluetooth devices. In this
letter, we analyze Bluetooth’s power-control algorithm with a
goal to study the mean transmit power required in the presence
of shadowing. Lognormal shadowing, appropriate for indoor
communications [5], is considered.

II. A NALYSIS

The power-control algorithm [1] is reviewed as follows. At
the receiver, the received signal strength in dBm,, is mea-
sured and compared against the lower and upper threshold levels
in dBm, denoted by and , respectively. The lower
threshold level specifies the minimum power level that yields an
acceptable performance. If is lower than , a request to
increase the transmit power by dB is sent from the receiver
to the transmitter. If is higher than , a request to de-
crease the transmit power bydB is issued. The specification
[1] states that the allowable step sizeranges from 2 to 8 dB
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and theGolden Receive Power Range(GRPR), ,
has a nominal size of 20 dB with an accuracy of6 dB.

We consider the situation that power control is used to com-
pensate for the path loss and shadowing but not for fast fading.
In Bluetooth systems, fast fading can be more easily compen-
sated for by frequency hopping. Themeanreceived power ,
obtained by averaging the received power measured over a suf-
ficient number of frequency hops, is then used to determine if
an increase or decrease of transmit power is required.

In the presence of lognormal shadowing,
where is the transmit power in dBm

and is the channel gain modeled by a lognormal random
variable. Let and be the mean and standard deviation,
respectively, of . Note that is the mean path
loss of the channel and is a measure of the shadowing
depth. In addition,

(1)

where is a standard normal random variable. The mean
channel gain, , is given by [6]

(2)

where is a scale factor. In the absence of log-
normal shadowing, the minimum transmit power in mW re-
quired to achieve an acceptable performance, , is com-
puted by

(3)

Our task is to compute the mean transmit power in the presence
of shadowing, and compare it to . That is, we eval-
uate

dB (4)

Since the amount of transmit power to be increased or
decreased is determined by the current level of mean received
power, which is also related to the current transmit power level
by (1), it is possible to evaluate by considering a Markov
chain. Consider a Markov chain with states numbered from

to where and are to be determined. Let
be the dBm value of , given by

dBm (5)

The state refers to the case that is in the range ,
where for
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. Let and
where . Assume

that the shadowing is slowly varying such that the power-con-
trol mechanism can successfully respond to it. If , the
power-control algorithm drives the transmit power to increase
by dB in order that the adjusted is within and

. It follows that the system is transited from the state
to the state unless the transmit power reaches the max-
imum. In this case, the system reaches the terminating state, i.e.,
the state . Thus, can be determined from the maximum
output power of a Bluetooth device. Similar reasoning applies
if . Let and be the maximum and minimum
output power levels in dBm, respectively, of the Bluetooth de-
vice under consideration. For , one can express as

(6)

in which . Since ,

we have that and

where is the integer
less than or equal to. Let be the transition probability of
state entering into state . It follows that

(7a)

(7b)

(7c)

(7d)

(7e)

Substituting (1), (5) and (6) into (7a)–(7d) yields

(8a)

(8b)

(8c)

(8d)

where is the tail probability of the standard normal dis-

tribution and . The transition matrix,

, is a function of and is given by .
Let , conditioned on , be the stationary probability of
the state and denote as the

state-probability vector. Note that characterizes the distri-
bution of transmit power. It is known [7] that , if exists, is
an eigenvector of with the corresponding eigenvalue equal
to 1 and with . It is possible that has
multiple unity eigenvalues. In such case the distribution is not
unique. We find that this situation occurs when is too low
(less than 2 dB for a GRPR less than 26 dB). This situation is
not dealt with in this letter as it will be shown that the range
of of interest is 3–6 dB. Note that the uniqueness and ex-
istence of implies that the distribution of transmit power is
independent of the level of initial transmit power.

We model that is a uniform random variable over [0,1). This
assumption is made in order to compute a representative value
of mean transmit power for different Bluetooth devices, which
may have different initial transmit power and hence different.
The mean transmit power in mW is given by
wherein is given by (6) and the expectation is taken over all
the states and the random variable. Evaluating and substi-
tuting the resultant expression into (4), we get

(9)

The integral can be easily computed by a numerical technique
such as Simpson’s rule.

III. N UMERICAL RESULTS AND CONCLUSIONS

Since our goal is to evaluate the impact of shadowing rather
than that of or on the mean transmit power, we con-
sider the situation that the effect of and on can
be ignored. In computing the numerical results, values of
and were selected such that and were
negligible when compared to stationary probabilities of other
states. For example, we found that dBm
and dBm satisfied this condition when
GRPR 20 dB, dB and dB dB.

The accuracy of given by (9) is first verified by simula-
tion. The conditions under investigation are: GRPR20 dB;

dB; and ranges from 2 dB to 8 dB. In the sim-
ulation, was computed by (1) with randomly generated,
followed by adjusting according to the power-control algo-
rithm. This process was repeated for 20 000 times if dB
and 200 times for other cases of and a final value of was
reached. The need to repeat 20 000 times when dB is a
result of slow convergence of state probabilities. We generated
a total of 100 000 final values of , based on initial values
randomly generated over a range between dBm and

dBm. Based on the final values, the mean transmit
power was computed and an estimation of was obtained.
Table I lists the simulated values of and those values com-
puted by (9). It is apparent that (9) gives a value of that is
in close agreement to the simulated one.

Table I also lists the values of computed by (9) for dif-
ferent combinations of and . The GRPR is 20 dB. It is
apparent that for a given , the step size dB yields the
lowest among the three choices of, though the advantage
is minor. Hence, using a smaller step size yields a lower mean
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TABLE I
(a) COMPUTED VALUES OFA AGAINST� AND � (GRPR= 20 dB).

(b) SIMULATION RESULTS OFA FOR� = 2 dB

transmit power. We should mention that using a smaller step
size results in slower convergence to the desired transmit power.
Designers of Bluetooth systems should also take this factor into
consideration in determining . In the following, we consider
the case that is equal to 2 dB in the comparison of for
different . It is apparent that a higher yields a higher

, implying that more transmit energy is consumed if the
channel is subject to more severe shadowing. For in-building
propagation, the typical value of ranges from 3 dB to 6
dB [5]. Results of Table I show that the mean transmit power
varies by 3.9 dB over this range of . It is also noticed that
for and dB, respectively, a Bluetooth device needs to
consume 11.1 and 15.0 dB more in the transmit energy than the
minimum one that achieves an acceptable performance in the
absence of shadowing.

Fig. 1 plots against for dB and GRPRs 26,
20, and 14 dB. Note that 14 and 26 dB are, respectively, the
lower and upper limits of GRPR specified in the specification
[1] and that 20 dB is the nominal value. It is apparent that an
increase in GRPR increases , indicating that more transmit
energy is used. In addition, the results indicate that3-dB in-
crease (decrease) in the required mean transmit power is ob-
tained if the GRPR is increased (decreased) by 6 dB relative to
the nominal value of 20 dB. Thus, the transmit energy consump-

Fig. 1. A against� for different GRPR’s.

tion varies by around 6 dB among Bluetooth devices as a result
of the 6-dB tolerance in the GRPR.
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