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Abstract

This paper assesses radio frequency exposure of a mobile handset user in the context of a new

class of cellular base station: the femtocell. Traditional cellular network construction relies on using a

single base station to cover a large area and serve dozens to hundreds of users. The femtocell (named

after the minuscule size of the coverage area) provides a low-power in-home cellular connection for

the mobile handset. Consequently, we expect it to behave differently to a macrocell in terms of the

users radio frequency energy exposure. Our work focuses on the trade-off in incident power on the

mobile handset user when connected to either a macrocell or femtocell using power loss and power

control models. Contrary to many individuals initial feeling that putting a base station in your home

would increase exposure, our findings indicate that having a femtocell in the home will actual reduce

the mobile handset users exposure to radio frequency energy.

I. INTRODUCTION

Cellular network providers have recently adopted a new method of dealing with the common

problem of gaps in cellular network coverage: the femtocell. A femtocell is basically a compact,

low power replica of the large mast-mounted wide- and local-area base stations (BSs) that are

common to cellular systems. Femtocell base stations are designed to be deployed within the

home and office environment. The purpose behind a femtocell is to provide the owner with a

“5 bar” signal within the home, avoiding the need for a cellular subscriber to be serviced by the

wide or local area base station. The network provider also benefits by offsetting a proportion

of traffic to the subscriber’s broadband connection and by avoiding the installation of additional

wide- and local-area base stations.

From the perspective of the cellular provider, these femtocells are a perfect solution to the

long-running problem of signal penetration into complex structures (such as homes and offices).

From the perspective of the home user, a femtocell will almost definitely improve their home

coverage and signal fidelity. However, due to a common conception that wireless devices are
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dangerous to individuals in close proximity (due to high transmit power levels), there is a public

perception of risk in adding wireless base stations within the home [1].

There are two factors that run contrary to these fears. First, a femtocell base station is only

permitted to transmit at a much lower power (125 mW for class 4 device [2]) compared to

the mast-mount versions (> 20 W [3]). This is similar to the power of the ubiquitous wireless

local area network (WLAN) access points (100 mW [2]). Second, the handset itself is a major

contributor to the radio frequency (RF) exposure of the individual. Further, power control

algorithms at both the handset and the femtocell base station may reduce the transmit power of

both devices if the received signal level at each device warrants it.

In this paper, we look at the issue of femtocell RF exposure with an eye to the power

control mechanism employed in the handset. We consider two mechanisms for RF exposure:

from the base station (femto or macro) and from the handset. In modern handsets, a power

control algorithm operates to minimize the transmit power in the hopes of maximising battery

life. The signal loss between the base station and the handset is continually monitored and

reported to the handset, which then adapts to maintain a certain desired received signal level at

the base station.

Note that this paper focuses on the case where an individual will be using a cellular handset

in the home, regardless of which base station they are connecting to.

II. CELLULAR NETWORKS

The original tenet of cellular communications as first formulated in the 1950’s through 1970’s

[4] utilizes the concept of frequency reuse between distant cells. It relied on the basic physical

premise of path loss (that the further away a transmitter is from a receiver, the lower the observed

signal power) and that two equally sized cells can operate at the same frequency provided they

are separated with a large enough distance.

Femtocell technology provides a modern extension to the original cellular concept. By appor-

tioning a small sized “femto” cell within the larger macrocell network, the cellular provider can

fill coverage gaps within a home and allow for a lower reuse factor (a factor that dictates how

close same channel base stations can operate). While the deployment of femtocell has been a

relatively painless process (multiple carriers throughout Europe and North America already have

femto cell base stations on offer for the public), there are still open questions as to how such
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systems will impact the cellular system as a whole. Particularly, interference between femtocells

and macrocells are a hot research topic [5]–[8].

As a result of the introduction of femto cells, the issue of RF exposure has been raised [9], [10].

Our work looks at an interesting twist of using a femtocell within a home: that of reduced RF

exposure. Current biological research studies are still looking for more data before making any

decisions on the effects of low-level recurring RF exposure [11], but such academic endeavors

do not stop individuals from being concerned over health issues of RF exposure. While the

possibility that power may be reduced when the distance to the base station is small is known to

the RF exposure community [2], we do not believe it has been studied in detail for femtocells.

III. CALCULATING RELATIVE EXPOSURE

The following section lays out an approach to calculating and contrasting the relative exposure

of a cellular user in the home in the presence and absence of a femtocell. We begin by presenting

the background and assumptions that we use throughout our calculations in III-A. Then we detail

the radio frequency channel model that we use for path loss estimation in III-B. A discussion of

RF exposure is given in Section III-C, followed by a summary of power control in the UMTS 3G

cellular system in III-D. Finally, we introduce our RF exposure model in III-E, which integrates

elements of the preceding sections.

A. Assumptions and System Parameters

In this work, we consider a femtocell deployed in an urban home environment in the European

Universal Mobile Telecommunications System (UMTS) band (1.9-2.1 GHz). The assumption is

that while a handset will have access to a macrocell base station throughout most of the home,

there is a possibility that some areas will suffer from low or zero connectivity. Further, we assume

that the handset is far enough from the macrocell base station to have a path loss exponent greater

than 2; in [12], this distance was estimated to > 60 m, which is realistic for the majority of

home scenarios.

For simplicity, we consider an isolated system, where there is a single handset plus the

femtocell and macrocell base stations. Thus, we do not consider the effect of neighbouring

femtocell, macrocell, or handset interference in this study. As most current deployments of

femtocells are based on the UMTS 3G standard, we use the power control algorithms common

October 13, 2011 DRAFT



3

to that technology. We also assume no path loss between the handset and the user, i.e. 100% of

the energy emitted by the handset is absorbed by the user. This provides us with an upper bound,

as obviously a lower proportion of transmit energy is absorbed (otherwise communications could

not be established).

Throughout the rest of this document, the convention when discussing power levels will be

that lower-case letter p will correspond to power measured in Watts, and upper-case letter P will

correspond to decibels referenced to 1 mW (dBm), i.e. P = 10 log(p/1 mW). All other units

will be defined as necessary.

B. Channel Models

RF propagation was extensively studied throughout the 1980’s and 1990’s. Numerous RF

propagation models have resulted from this research. RF signals propagate by both direct path

(line of sight), by refraction (around corners) and by reflection (depending on the material).

Due to the complexity of the RF channel, empirical models are the tool of choice for systems

research [12], [13], although ray-tracing and experimental measurements have been used in

academic study [9], [14], [15]. The empirical models benefit from ease-of-use and generality,

and so we use them in our work.

As discussed in [4], [16], there are a number of empirical models to choose from for the

1.9-2.1 GHz UMTS band. Since we are considering a domestic urban scenario, we chose to use

the log-distance path loss model [17], [18]. Other more specialized models such as the popular

COST 231 Hata model [19] and the ECC-33 model [16] are limited to receiver-transmitter

separation distances to greater than 1 km.

The power law model is commonly used to estimate the median power loss due to distance

from the transmitter [20]. In this model, the path loss is a function of the distance d between

the transmitter and receiver and a path loss coefficient n, where

L(d, n) = 10n log10(d) + L(d0), (1)

and L(d0) is the path loss at a reference distance, usually 1 m. L(d0) is commonly calculated

using the Friis transmission equation to be L(d0) = 20 log10(4πd0/λ). For the 1.9 GHz UMTS

band, this means L(d0) ≈ 38 dB.
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We require modeling of both indoor and outdoor channels, both of which scenarios have been

empirically studied with the log-distance model. For the outdoor channel that would categorize

our macrocell BS to handset path, the path loss exponent was measured to be in the range of

2.58 to 2.69. These results are for an obstructed channel and depends on the height of the BS.

For the indoor channel, the path loss exponent n has been measured to range from 1.2 to 6.5

[17], depending on the building structure and materials. For our purposes, we use values of 2.2,

3.0, and 4.0 [4], [17].

C. Radio Frequency Exposure

The European Commission, the American National Standards Institute (ANSI) and the Institute

of Electrical and Electronics Engineering (IEEE) have defined limits on the RF exposure for the

general public [21], [22]. The limits are frequency dependent: for the 1.9 GHz cellular band,

the limits are stated in terms of the specific absorption rate (SAR), averaged over a volume

containing 10 g of tissue and over any 6 minute period [22]. The limit is measured in Watts per

kilogram, and is set at 0.08 W/kg for the whole-body, 2 W/kg localized for the head and trunk,

and 4 W/kg localized for the limbs. Strictly speaking, SAR is a measure of heat absorption over

a specified region, after taking into account the electric conductivity (σ) and mass density (ρ)

of the region. That is,

SAR =

∫

V

σE(r)

ρ
dr, (2)

where V is the volume, E(r) is the electric field in V/m, σ is the electric conductivity in S/m,

ρ is the mass density in kg/m3, and SAR is measured in W/kg.

In our study, we don’t measure the SAR directly, but approximate it with the received

power at a distance from the transmitter. We effectively replace the user’s body with an ideal

omnidirectional antenna, removing the effect of tissue conductivity and mass. Although our

model is simple, it does provide a means to compare arrival powers as a function of distance

between the user and a BS. We do not require exact SAR metrics for our study, since we are

interested in the relative received power at the users location. We are thus interested solely in

Watts rather than Watts per kilogram.
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Puser (dBm) Power incident at the users location

PUE,tx (dBm) Power transmitted from the handset

PUE,max = 21 dBm Maximum transmit power from a class 4 handset [23]

PUE,min = −50 dBm Minimum transmit power from a handset [23]

PMBS,tx (dBm) Power transmitted from the macro base station

PFBS,tx (dBm) Power transmitted from the femto base station

PMBS,max = 46 dBm Maximum transmit power from the macro base station [3]

PFBS,max = 20 dBm Maximum transmit power from the femto base station [24]

PMBS,0 = −81 dBm Wanted signal mean power at a macro base station [24]

PFBS,0 = −77 dBm Wanted signal mean power at a femto base station [24]

L dB Path loss between the BS and UE

α Proportion of time that a base station spends transmitting in the absence of

any active connection

β Proportion of time spent in an active call state

TABLE I

SUMMARY OF VARIABLES.

D. Power Control

To begin, a summary of all the variables used in the following sections is provided in Table I.

From this point on, we resort to cellular vernacular and refer to the mobile handset as the user

equipment (UE). The transmit power control (TPC) algorithm for UMTS systems is an integral

part of operation, and our aim is to use it to calculate the transmit power of a handset. For

instance, when multiple users are connected to a base station, it is essential to have the uplink

signals (from the handset to the base station) arrive at similar power levels because of technical

requirements of the code division multiple access (CDMA) protocol [25] used in UMTS systems.

Further, to conserve battery power, a handset is optimized to transmit at the lowest level possible.

In UMTS, the TPC algorithm is dependent on whether the system is operating in frequency

division duplex (FDD) or time division duplex (TDD) mode. For FDD, the TPC operates as

a closed-loop system, which is required since the channel is not symmetric [26]. Briefly, the

system operates with an inner-loop, to compensate for short term channel fluctuations, and an

outer-loop, to compensate for longer term variations. The base station measures the received

power from a handset, and provides feedback to the handset to either increase or decrease its
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transmit power. This feedback serves to continuously adjust the power levels until the system

converges to a satisfactory steady state. For TDD, the channel can be viewed as symmetric in

both uplink and downlink, and therefore an open-loop power control approach can be used [27].

Next, we consider both the UMTS FDD and TDD TPC algorithms and show that after applying

a few principled assumptions, they can be considered to be identical. First, consider that the

outer-loop of the FDD TPC was designed to compensate for both shadowing (severe signal

attenuation due to some large obstruction) and variable interference levels. We propose here that

in a femtocell, the TPC algorithm can be simplified. Interferers will be largely absent within

a domestic femtocell (e.g. imagine a low-power cell with only one or two handsets and the

requisite control channels). Furthermore, shadowing will not be a problem, since a general in-

home setting will consist of relatively low-loss walls. Hence, we assume that the outer loop will

be largely inactive, and we can simplify the FDD TPC algorithm to consider only the inner loop.

The inner loop of the TPC algorithm focuses on the signal to interference and noise ratio

(SINR). The measured SINR at the base station is

SINRest = PUE,tx − LUL − INBS, (3)

that is, the transmission power (PUE,tx) less the path loss in the uplink channel (LUL) and the

interference plus noise power (INBS). Then when the power control algorithm converges, the

handset transmit power is

P FDD
UE,tx = SINRtarget + LUL + INBS. (4)

Similarly, for TDD power control [28], we have

P TDD
UE,tx = SINRtarget + γLUL + (1− γ)L0 + INBS + C, (5)

where γ ∈ [0, 1] is a weighting parameter based on the quality of the LUL estimates, L0 is the

measured mean path loss, and C is some higher layer constant value that depends on the type of

channel in use. This expression is identical to our simplified FDD expression if we trust the path

loss estimate (γ = 1) and set C = 0. Finally, if we substitute SINRtarget = P0 − INBS , where

P0 is the desired receive level (sensitivity) at the base station in dBm, and include a maximum

and minimum transmit power of the handset, then we have for both TDD and FDD

PUE,tx = max (min (PUE,max, P0 + LUL) , PUE,min) , (6)
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where PUE,max and PUE,min are the maximum and minimum transmit powers of the handset.

Note that values of P0 vary between femtocells and macrocells. We assume that the desired

receive level remains fixed, although in general it will be dependent on the current modulation

and coding level selected.

E. Model-based Approximation for RF Exposure

We suggest that the power incident on a cellular handset user can be broken down into the

following parts. The average power incident on an individual, puser, is dependent on:

• pUE,tx is the power transmitted by the UE,

• pBS,tx is the power transmitted by the BS to the UE,

• LBS is the path loss between the BS and the UE,

• α is the overhead coefficient (for BS discovery, synchronisation, etc.), and

• β is the proportion of time spent in an active call.

The last two components have to do with the dynamics of call-specific transmissions and constant

overhead BS radiation (e.g. pilot and synchronization channels). Then, for a connection with a

macrocell base station (MBS),

p(macro)
user = p

(macro)
UE,tx β + pMBS,tx10

−LMBS/10 (α + β) , (7)

where the first term is the power incident from the UE to the user, the second term is the power

incident from the MBS to the user, and LMBS is the path loss between the MBS and the UE.

Similarly, for a connection with a femtocell BS (FBS) ,

p(femto)
user = p

(femto)
UE,tx β + pMBS,tx10

−L(macro)/10α + pFBS,tx10
−LFBS/10 (α + β) , (8)

where the first term is the power incident from the UE to the user, the second term is the

power incident from the MBS to the user with path loss LMBS , and the third term is the power

incident from the FBS to the user with path loss LFBS . We include this second term since the

MBS background radiation is present regardless of the presence of the femtocell. Finally, we

make the assumption that pBS,tx = pBS,max, which provides an upper bound for our exposure

estimates. This is justified by there being no mandatory requirement for the BS to respond to

the TPC requests from a handset [26].

October 13, 2011 DRAFT



8

Using this model, we can find the distance from the BS that will minimize the total exposure

puser. That is, find dmin = argmind puser(d). This works out to be

dmin = 2n

√

pBS,tx(α + β)10−7.65

pBS,0β
, (9)

where the 10−7.65 term comes straight from the path loss expression. Calculation of dmin is the

same for both MBS and FBS scenarios if we assume that the macrocell is far enough away that

we can approximate it to be at a fixed distance Dm from the UE.

IV. RESULTS

Our goal is to compare the RF exposure of a mobile handset user with and without a femtocell

in the home environment. The distance between the UE to the MBS is denoted as dm, and the

distance between the UE to the FBS is denoted as df .

In order to compare and contrast the effective RF exposure due to an active call and to the

continuous background radiation emitted by a femtocell, we consider four scenarios as follows:

1) No femtocell present, 24 hour average

2) Femtocell present, 24 hour average

3) No femtocell present, 3.29 minute average

4) Femtocell present, 3.29 minutes average

The 3.29 minute average is based on the average duration of a single call [29]. For the 24 hour

average, we take an indicative example and assume that there are 5 calls/day [30], each duration

3.29 minutes, so 16.45 minutes/day. For the 3.29 minute call, we assume that a call is active for

the duration.

To generate the exposure curves for these scenarios, we parameterise the RF power exposure

expressions in (7) and (8) on the distance to the active BS, d. The pathloss LBS between the

active BS and handset is modelled using (1), while the transmit power of the handset pUE,tx is

from (6). The value of β depends on the scenario, while α and LMBS (for the femtocell case)

have values justified in Section IV-B.

A. Experiments

In order to verify the power control functionality of a commodity handset, we ran some

experiments using a Nokia X6 using the Vodafone network in Ireland, in and out of the vicinity
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Resolution Bandwidth 10 kHz

Video Bandwidth 30 kHz

Center Frequency 1.95 GHz

Scanning Bandwidth 20 MHz

Detector RMS, max hold

TABLE II

SPECTRUM ANALYZER SETTINGS FOR ROHDE & SCHWARZ FSL6.

of a femtocell. The Vodafone 3G uplink channels are in the 1950 to 1965 MHz range [31]. For

the femtocell experiment, we attached a patch antenna onto the back of the handset: while we

acknowledge that this will not provide an accurate measure of the true RF transmit power, in the

context of measurements at different locations and distances, it provides a good estimate of the

power control functionality of the handset. The antenna was connected to a Rohde & Schwarz

FSL-6 spectrum analyzer, with settings in Table II.

Fig. 1 shows the results of the transmission from the handset when connected to the FBS

within the home. 10 measurements were taken at points from 1 m to 10 m: the measurements

from 1 m to 8 m were done with a strong line-of-sight component. Using a simple least squares

fit, the estimate for path loss coefficient n is found to be n̂ = 3.15. This value fits well within

the expected range.

Fig. 2 shows the results of the transmission from the handset when connected to the MBS

within an office. Since it is difficult to tell relative distance from the base station in this context,

a number of measurement points were selected from around our office at the National University

of Ireland Maynooth to demonstrate a range of signal strengths. Table III gives details of the

measurement locations. Comparing to the results in Fig. 1, it is clear that the spread in the

macrocell points is much larger (≈ 75 dB for macro and ≈ 45 dB for femto). This result

stems from the construction of the cellular system: MBSs have larger dynamic ranges and lower

sensitivity levels, and accordingly must deal with a more diverse channel than FBSs. We can

thus conclude that the handset does implement power control with a wide range of powers, as

we expect.
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Fig. 1. Peak power values (RMS detector) versus distance for a femtocell connection. An estimate to the path loss exponent

n is calculated using a non-linear least squares solver, and found to be n̂ = 3.15.
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Fig. 2. Peak power values (RMS detector) versus location for a macrocell connection. Independent measurements are ordered

in increasing measured transmit power. Table III provides the location cross-index.

October 13, 2011 DRAFT



11

1 In close proximity to a tree; handset situated on a tripod

2 On the front walk of an office; handset situated on a tripod

3 In office 1; handset situated on a tripod

4 In close proximity to a tree

5 On the front walk of an office

6 In office 1

7 In a hallway; handset situated on a tripod

8 In office 2; handset situated on a tripod

9 In a hallway

10 In office 2

TABLE III

MEASUREMENT LOCATIONS RELATING TO POINTS IN FIG. 2. NOTE THAT THERE ARE 5 INDEPENDENT MEASUREMENT

LOCATIONS, EACH WITH TWO TYPES OF MEASUREMENT (THE HANDSET IS EITHER HELD IN HAND OR SITUATED ON A

TRIPOD TO REMOVE ATTENUATION EFFECTS FROM THE HAND).

B. Simulations

With experimental results which confirm mobile handsets perform power control and have a

wide range of transmit powers, we now use the model developed in Section III to explore relative

RF exposure. Consider Figures 3 and 4, which show the power incident at a user averaged over

a day or a call (3.29 minutes). The left hand graph in each figure shows incident power with

a femtocell and the right hand without. We assume that α ≈ 0.1 on account of the common

pilot channel (CPICH) and synchronization channel (SCH) [32]. Also, for the femtocell curves

(dashed), the background radiation contribution from the MBS is approximated using dm = 100

m. However, using our model, it is clear that the contribution p
(macro)
BS,tx to the femtocell scenario is

relatively inconsequential. Note that we see comparable results for the 6 minutes period required

in SAR measurements, which a slight shift in the location of dmin and in the maximum exposure

level when d is large.

The bold section of each curve corresponds to a typical range of distance from BS and UE,

so df ∈ [1, 50] m and dm ∈ [30, 1500] m. While the typical range for the FBS is based on its

location in a room within a home, the MBS range is based on the physical constraints that i)

the antenna is located on a mast or on a tall building, and ii) that the BS density will restrict the

distance to a closer BS to less than a few kilometres in an urban setting. To verify this range, we

October 13, 2011 DRAFT



12

Location Size of Sample

Area (km2)

Number of BSs

in Sample Area

E[dm] (m)
√

E[(d2m − E[dm])2] (m)

North of Connolly Station 0.691 15 150.66 72.64

West of Lower Drumcondra

Road

0.483 7 287.23 134.88

Donnybrook & Sandymount 9.661 58 320.73 206.70

TABLE IV

AVERAGE MINIMUM DISTANCE BETWEEN RANDOM LOCATIONS AND MBSS IN THREE DUBLIN RESIDENTIAL

NEIGHBOURHOODS. BS LOCATIONS ARE BASED ON RECORDS FROM THE COMREG SITEVIEWER SERVICE [33]. SINCE THE

LOCATIONS ARE GENERATED IN A UNIFORM RANDOM MANNER, THESE VALUES ARE INDICATIVE ONLY, AS INAPPROPRIATE

LOCATIONS MAY BE USED IN THE AVERAGE (i.e. UNDERNEATH A BS MAST OR IN AN INACCESSIBLE AREA).

took samples of BS locations at specific geographic positions within residential areas of Dublin,

Ireland, and then averaged over uniformly sampled random locations to find the average distance

to the closest BS. The results indicate an average distance of 150 m to 300 m, with Table IV

giving more detail.

For the 24 hour experiment, an individual at a distance df < 15 m from the FBS, assuming

a path loss exponent n < 3.0, could expect an average exposure less than -23 dBm. If the same

individual did not have a femtocell in their home, then in order to limit the exposure to the same

level, they would need to be within a distance of approximately 30 m to a MBS. Since most

macrocell sites are mast-mounted, this is a prohibitively close distance, and most users would

most likely be in the hundreds of metres.

Comparing the experiment in Figure 3 and Figure 4, the most significant difference between

the two plots is simply a vertical shift of the curves. This indicates that the contribution from

the background RF energy amortized over a day proves to be small. There is a slight shift in

the minimums to the left for the shorter experiment, on account of the lesser contribution from

the base station to the average power.

For the parameters shown, the minimum point d0 from (9) is easily seen for all curves. For

d < dmin, the dominant exposure mechanism is the macrocell/femtocell BS transmit power,

while for d > dmin, it is the TPC of the UE. For the macrocell case, d
(macro)
min = 13.62 m for the

24 hour test and 9.07 m for the 3.29 minute test. The maximum P
(macro)
user results from the MBS
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Fig. 3. Distance between BS and handset versus Puser . 24 hour average (T = 24 hours), UE connecting to femto or macro

cell, 5 average length calls (TUE = 16.45 minutes), β = TUE/T ≈ 0.0114.
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(b) Macrocell exposure curves. Bold lines indicate the typ-
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Fig. 4. Distance between BS and handset versus Puser . 3.29 minute average (T = 3.29 minutes), UE connecting to femto or

macro cell, UE transmitting constantly, call is in progress (TUE = 3.29 minutes), β = TUE/T = 1.

being far enough away from the UE that the UE TPC algorithm requires the maximum value,

and is P
(macro)
user ≈ PUE,max + 10 log10 β.

For the femtocell curves, we compare multiple path loss coefficients. The variation in dmin

is a combination of all system components, as defined in (9). In general, by increasing the path

loss coefficient, dmin will decrease. This corresponds to the UE needing to increase its transmit
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Fig. 5. Distance between BS and user versus Puser , in the absence of a UE, i.e. all traffic is background.

power to accommodate for the increased path loss. The location of the inflection point in effect

defines the area where the exposure from the handset is minimised. For example, in the 24 hour

test, the RF exposure is expected to be the same at a distance of 1 m of the FBS or at a distance

of 5.5, 10 and 21 m, for n = 4.0, 3.0, and 2.2, respectively, with all points between having a

lower RF exposure. Note that our model assumes that there is a minimum 38 dB attenuation

between either BS and the UE, while for the handset there is no minimum attenuation. However,

we consider this appropriate given that the UE will be located directly next to the users body,

while the BS will always be at a distance of at least a few metres.

The last set of curves in Figure 5 look at RF exposure in the absence of a handset, i.e. all RF

exposure is due to background radiation. As would be expected, RF exposure in the presence of

a femtocell is much higher than without. The floor in the femtocell curves is due to the constant

background macrocell contribution (dm = 100 m). Compared to the previous figures, the RF

exposure level is reduced when the individual is anywhere over dmin away from the BS.

V. DISCUSSION

Throughout this work, we have made a number of simplifying assumptions. These have

allowed us to combine two relatively simply models, TPC and path loss, for the sake of estimating

relative RF exposure levels. In summary, we have assumed that the TPC in UMTS systems is

operating with a constant target, that the path loss will behave on average in a manner consistent
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with the empirical models, and that the required receive sensitivity level is fixed. It is our

view that these approximations do not detract from the comparison of femtocell scenario versus

macrocell scenario, since each approximation is applied to each scenario.

In terms of the RF exposure, it is clear from the simulations that the maximum incident power

or RF exposure is less in the case of the femtocell, primarily because of the smaller distance

from the handset when compared to the macrocell and the similar target signal mean power (-81

dBm for the MBS and -77 dBm for the FBS).

For long-term exposure simulations (24 hour test), and considering typical separation distances

between the handset and the BS, the femtocell scenario provides lower exposure if the user is

standing less than 8 m away. This is true for any of the considered in-building fading scenarios.

When examining long-term exposure simulations (24 hour test), for typical separation dis-

tances we can consider when the femtocell scenario provides lower exposure than the minimum

macrocell exposure. For our in-building scenarios with high path loss (n = 4.0), the femtocell

provides lower exposure if the user is standing less than 8 m away. This range increases as

the path loss decreases. As it could be expected that an individual would generally operate at

a distance of a few metres from their in-building FBS, this shows that it should be expected

that the individual would be subject to less RF exposure. For short-term exposure simulations (3

minute test), the same value of 8 m holds, with the difference being the location of the minimum

exposure for both femtocell and macrocell scenario.

It should be kept in mind that the 8 m limit is chosen for the minimum incident power over the

typical separation distances dm in the macrocell case. This means a separation of 30 m between

the user and BS. A more realistic value may be on the order of dm > 150 m, in which case the

incident power is close to saturation. The range of lower exposure when connected to a FBS

will expand, e.g. for dm = 150 m, the femtocell scenario provides lower exposure if the user is

standing less than 20 m away.

To recast this exposure comparison in an everyday context, consider the following examples

with more realistic sample values:

1) The owner of a small 10 X 15 m bungalow suffers from dropped calls as they move from

their living room to their kitchen. They have checked with their service provider, and it

appears that the nearest base station is 400 m away. Assuming a path loss coefficient of

n = 2.69, their average RF exposure over the course of a day is estimated to be 21 dBm.
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After installing a femtocell base station above the top of a bookshelf in their living room,

the call drops have completely disappeared. Given the dimensions of the bungalow, the

furthest from the femtocell BS the handset could be is 18 m. Assuming an indoor path

loss coefficient of n = 3, the owners RF exposure has dropped to -1 dBm, a factor of over

150 times.

2) The owner of a large two-floor 20 X 20 m house has adequate cellular coverage throughout

the home, but does notice some signal quality degradation when moving around the house.

The nearest base station is only 150 m away. Assuming a path loss coefficient of n = 2.69,

their average RF exposure over the course of a day is estimated to be 15.79 dBm. After

installing a femtocell to improve their reception, with a path loss exponent of n = 3.2

and a floor height of 3 m (maximum separation from femtocell BS is then 28.44 m), the

owners RF exposure has dropped to 7.75 dBm, a factor of over 6 times.

While the path loss coefficient n and its variation throughout a household will vary in a real-world

situation, they are indicative of average values and are empirically-derived.

In this paper, we have presented a framework for gauging the relative benefit of new femtocell

technology in terms of an individuals RF exposure. Our model is a combination of accepted

empirical channel models and the standardised power control mechanism used in common-place

cellular devices, which was explored via experimental results. In general, our results demonstrate

that only in cases of excessive distance between the mobile user and the femtocell will the user

experience more exposure then if connected to the macrocell.

In conclusion, this contribution is useful for system planners and groups that are seeking to

minimize RF exposure. The expressions used to generate the simulated results are compact and

easy-to-use, and only require an estimated path loss coefficient and the distances between the

mobile user and the base station.
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