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the case where the quantity in linear units follows a rectangular 
distribution the inaccuracy, both on the best estimate and on 
the standard deviation, is less than 5 % if the half-width of the 
distribution is less than 30 %.

5. Conclusion
It should be borne in mind that the conversion from linear to 
log-units is a mathematical transformation, which is necessary 
in order to appropriately and simultaneously manage a large 
dynamic of values. Hence most of the controversy around the 
use of log-units in EMC uncertainty evaluation is probably due 
to lack of familiarity with mathematics and statistics. It is 
hoped that the information here conveyed will contribute, in 
part, to fill these gaps. The opinion of the Author is that the 
hard issues with uncertainty evaluations are not those related to 
computation (analytical or numerical), but the interpretation 
and use of the specifications provided by the manufacturers of 
measuring instruments and calibration laboratories and the (re)
consideration of new or well-established measurement tech-
niques in order to identify, quantify and possibly minimize the 
dominant contributions to uncertainty.
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Abstract:—“This paper investigates and describes the pro-
cedure to prepare and analyze the measurements necessary 
to describe and characterize the electromagnetic environ-
ment in a hospital in order to evaluate the conditions for 
failsafe operation for future Wireless Patient Monitoring. 
Measurement results are evaluated with respect to given 
immunity levels and in-band interferences. Results show 
that the UWB band features equal dynamic ranges as the 
ISM band but allows operation at a significantly lower 
power level, which is crucial for Wireless Patient Monitor-
ing where low power consumption is highly required.”

Introduction 
Continuously monitoring patients in a hospital by elec-
tronic means is an indispensable tool, especially in intensive 

care. Up to now, wired sensors are used predominantly. 
Changing location, e.g. moving from surgery to anaesthetic 
recovery and further to intensive care, needs disconnecting 
sensors at the operating theater, connecting them to mobile 
equipment for transportation, and reconnecting them finally 
in intensive care. Wireless sensors would offer the possibil-
ity to dynamically reallocate monitoring equipment. This 
would significantly reduce the time and personnel needed 
for transporting patients, increase the accessibility for emer-
gency treatment and also reduce the risk for the patient by 
avoiding interrupts in vital data monitoring. However, 
wireless sensors must cope with a harsh electromagnetic 
environment due to a myriad of different equipment gener-
ating electromagnetic fields within a hospital, like electrical 
cautery, paging systems and electrical power distribution 
networks. In order to specify the electromagnetic conditions 
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for wireless patient monitoring sensors, 
the electromagnetic environment in a 
hospital must be characterized. 

First efforts to characterize the electro-
magnetic environment in hospitals date 
back more than 30 years. In [1] the elec-
tromagnetic environment from 14 kHz up 
to 1 GHz of a hospital was assessed. In this 
paper, first emission limits for narrowband 
and broadband emissions are recommended 
for devices that are used in hospitals. In 
1997, the first ’long term measurements’ 
over a period of 24 hours showing temporal 
dependencies of the measured fields within 
a hospital for frequencies up to 1 GHz were 
described in [2]. Six years later the electro-
magnetic fields within the ISM band (2.4 GHz) were evaluated. 
The results are given in [3]. An extensive survey over the entire 
spectrum used by wireless communication services from 20 MHz 
to 10 GHz has not been carried out so far. Within the measure-
ment campaign reported here, the maximum field levels used 
by telecommunication services are measured in order to account 
for ‘worst-case’ conditions. Measurement points are selected ac-
cording to the different services present at the location and to 
expected emissions from specific medical equipment such as CT 
and MRI scanners, etc., and along typical patient transportation 
paths, that are higher electromagnetically burdened than others. 
Results are evaluated in regard to given immunity levels (EMC) 
and in-band interferences (EMI). The general approach and re-
sults of the measurement campaign were published in [4]. This 
paper here focuses on the procedure and the equipment used, but 
still includes the main measurement results.

Procedure, Equipment and Method
In order to identify areas of intense electromagnetic fields in the 
hospital, information about the location of wireless installations 
(e.g. broadcast stations) and location of special electrical equip-
ment (e.g. CT-scanner) were collected. A good starting point is 
the database of the regulator, e.g. Swiss Federal Office of Com-
munications (OFCOM), that contains information about instal-
lation locations of mobile phone base stations, broadcast stations 
and private mobile radio base stations. However, such a database 
covers only information about the location of outdoor installa-
tions and some indoor equipment. Therefore, the technical staff 
responsible for radio installations in the hospital needed to be 
contacted in order to get information about the location of dif-
ferent transmitting infrastructure together with the respective 
floor plans. Based on these information GSM micro cell stations, 
WLAN access points, DECT base stations, and paging transmit-
ters could be located. Getting such information can be difficult 
because up to now, telecommunication infrastructure often grew 
organically in particular in a university environment, where new 
equipment is often installed for evaluation purposes.

Based on the collected information preliminary test mea-
surements, using an EMF exposimeter (EME Spy 120, Antenes-
sa SA), were undertaken. For this, the measurement device was 
carried in a daypack and the electromagnetic field levels were 
recorded at different corridors in the hospital. They were further 
used to identify interesting spots while walking through the 
hospital. The results showed a higher field variation for wireless 

services at crossing points of corridors due to the street canyon 
effect [5]. Hence we selected the crossing points as measure-
ment locations in order to characterize field levels along typi-
cal transportation paths. Beside these measurement locations, 
so called ‘hot spots’ were picked, where higher field intensity 
was expected due to specific medical equipment such as CT 
and MRI scanners. Therefore, we conducted measurements in 
the emergency unit, operating theatre, neurocritical care unit, 
MRI- and CT-room and on the helipad. To locate ‘hot spots’, 
the spectrum monitor SRM3000 from Narda was used. 

In order to account for location and time based field varia-
tions two different types of measurements were carried out:

1) Stationary Short Term Measurements: ‘Stationary Short 
Term Measurements’ were performed with a Rohde&Schwarz 
FSQ Spectrum Analyzer (SA) with different antennas from the 
HE-200 series (e.g. HE200-3000) and a Log-Periodic antenna 
(Grintek 470429-00000).

2) Stationary Long Term Measurements: For ‘Stationary Long 
Term Measurements’ the FSP SA from Rohde&Schwarz and a rod 
antenna was used which was directly connected to the SA. The SA 
was controlled by a macro to perform continuous measurements.

Table 1 summarizes the measurement equipment that was 
used during the measurement campaign. For the station-
ary measurements a period of 10 days were reserved. During 
this time at least three persons were necessary to carry out the 
measurements efficiently. Two were needed for performing the 
measurements (measuring, documentation), while a third per-
son handled administrative work, such as informing hospital 
staff and answering questions from people walking by. Please 
note that the biggest effort does not only lie in the measure-
ment process, but also in the organization and in receiving the 
required authorizations. Here the authorization of the hospital 
administration was required as a first step. In addition a special 
authorization of the physician in charge is needed to be able 
to perform measurements in sensitive areas, like in the emer-
gency unit etc. Beside that the head nurses of the units must be 
also informed. Therefore it is highly recommended to establish 
contact with the special units at least four weeks prior to the 
planned measurements. 

Measurement Method
The measurement methods are based on the recommendation of 
the Swiss Federal Office of Environment, Forests and Landscape 
[6], where general measurement principles (sweeping method) 
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Fig. 1. Typical spectrum pattern in the hospital (800 MHz to 10 GHz).



52 ©2010 IEEE

and possible uncertainties are described. This report follows the 
approved measurement references of ANSI [7], [8]. As maxi-
mum levels of different services shall be assessed (EMC and 
EMI) we used ‘Peak-Detector’ instead of ‘RMS-Detector’ (RMS 
would refer to average electromagnetic exposure). For both 
measurement types the SA was set to ‘Max-Hold’ mode. Note 
that the measurement system was not pre-calibrated with 
antenna factors and cable attenuations, in order maximize the 
degrees of freedom to adjust and combine equipment parts dur-
ing measurements. 

At every measurement point the sweeping method was used 
within a space portion of an upright cylinder of 1 m diameter, 
beginning 0.5 m above the floor and up to 2 m. 

Documentation of measurements is very important in or-
der to clarify upcoming questions when analyzing the results. 
Therefore, distances from walls to measurement points were 
measured using a laser distance meter and pictures of the mea-
surement area were taken. 

Analysis
Measurement Uncertainty: The calculation of the measure-
ment uncertainty is based on [9]. An example of an evalua-
tion can be found in [10]. Data collection on the 
uncertainty of measurement equipment is demanding and 
requires the estimation of some parameters. Therefore, a 
more sophisticated approach than in [10] would be unrea-
sonable. An uncertainty due to handling the equipment and 
different operator habits was introduced as applied in [11]. 
This value of 630% uncertainty in reference to field 
strength within a confidence interval of 95% has been con-
firmed in round robin tests, e.g. [12]. Environmental 
uncertainty was not taken into account, because the intent 

was to indicate how good the measurements are in view of 
equipment and handling.

Measurements (expanded to a confidence interval of 95%) 
with the antennas HE200 and Grintec had an uncertain-
ty around 63 dB, with the 1 m long rod antenna (directly 
mounted to the analyzer) below 64.5 dB. Care must be tak-
en not to misinterpret measurement uncertainty: the values 
given here indicate the range where the absolute values may 
lay. However, relative deviations may be smaller during the 
measurement.

Determination of peak values: In a first step, the raw data values 
had to be calculated to field strengths, see Figure 1. Various 
combinations were possible between antennas, analyzers and 
cables. Therefore, each component of the measurement setup 
was characterized by a data sheet containing conversion, correc-
tion and attenuation factors in function of frequency. For each 
combination, a machine readable total conversion sheet was cre-
ated. This allowed for automatic and identical processing of the 
raw data, avoiding processing errors. 

The peak values of field strength were of main interest. In 
order to distinguish them from the noise, the mean value μ of 
the noise floor and the standard deviation s was determined for 
different frequency bands. Based on these calculations a thresh-
old value is determined as four times the standard deviation of 
system noise plus mean value of the noise

	 Ej .mi
1 4si� (1)

Using a threshold value with four times the standard de-
viation, includes more than 99% of the noise distribution, and 
thus allows for a better separation between radio signals and 
noise. In a next step peaks bigger than threshold value E

j 
are 

extracted (see Figure 2) and further evaluated.
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Results
Stationary Short-Term Measurements: 
Figure 3 summarizes the peaks occurring at 
all measurement points within the frequen-
cy range from 800 MHz–10 GHz. Accumu-
lation of peaks occur around typical radio 
services like GSM900, GSM1800 and DECT 
reaching maximum field strengths up to 
122 dBµV/m. Further peaks occur within 
the ISM-band at 2.4 GHz and for Local Area 
Networks (LAN) at 5.3 GHz achieving 
maximum field strength of 118 dBµV/m 
and 106 dBµV/m respectively. Within the 
UWB regions from 3.1–5.3 GHz and 
5.4–10 GHz levels are in the range from 
70 dBµV/m to 60 dBµV/m.

Below 800 MHz, most frequencies are already occupied. The 
fields encountered are important in terms of the immunity is-
sues mostly. Especially the paging systems are responsible for 
‘hot spots’ with up to some V/m (see Figure 4). In other hos-
pitals, broadcasting might contribute more significantly to the 
overall emissions.

Figure 5 shows the measured field levels below 20 MHz. The 
peaks and noise observed are caused often by electrical transpor-
tation cars, chargers or computer network cabling.

Beside these results for stationary short term measurements 
the following further observations were made:

Many DECT signals were noted, therefore, an extra scan in •	
the frequency range from 1.8 up to 1.9 GHz containing 
DECT as well as GSM1800 downlink, was conducted.
Some infrared warming equipment was found that emitted •	
fields even when “switched off”. Some special transportation 
equipment was emitting fields when being charged in 
standby. 
The fields of the emergency diesel backup generators during •	
a maintenance check were measured: no special signals were 
found. 
Automatic telling machines can cause EMC problems, but •	
nothing special was encountered. 
Some stray radar motion detectors for door openers at •	
9 GHz were still radiating, but not always anymore con-
nected to the doors. 
Transportation equipment (bed movers, electrical cars) and •	
cleaning cars seem to emit substantial fields below 20 MHz.
Outside fields can be quite high due to mobile communication •	
stations that are often located around hospitals because of the 
quite high amount of phone traffic created by hospital visitors. 
Computer tomography and small MRI were not showing •	
especially high fields. Even the RF fields outside a 7 Tesla 
MRI were moderate with the access doors closed. 
The wireless microphone systems in an auditorium created •	
substantial fields. 
Bedside equipment towers and infusion towers in intensive •	
care (treating towers) are emitting electromagnetic fields, too: 
especially infusion pumps. 

Stationary Long-Term Measurements:
To ensure that infrequent high peaks are not missed by station-
ary short term measurements, stationary long term measure-
ments were performed.

For ‘long term measurements’ the neurocritical care unit, 
the emergency room and one operating theater of neurosurgery 

were selected, because higher field levels can be expected due 
to the numerous electrical appliances that are in use, see [13]. 

Figure 6 and Figure 7 show the time dependent field varia-
tion for the GSM900 uplink and the PPS II band (Public Pag-
ing System) over a period of 24 hours. 

For analysis, the deviation of each detected peak to the sta-
tistical mean value over 24 hours was calculated for different 
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Fig. 2. Extracted peaks from the spectrum pattern (800 MHz to 10 GHz).
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Fig. 3. collection of the peaks of all short term stationary 
measurements with FSQ26/Grintec (800 MHz to 10 GHz).
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services. If the average deviation stays below the measurement 
uncertainty of the measurement setup, a short term measure-
ment would then be sufficient. The results show a big temporal 
variability for all long term measurement locations for GSM 
handsets (see Figure 6), UMTS and DECT. Most of the servic-
es feature maximum peaks during breakfast and lunch time. 
The averaged deviation for GSM 900 uplink was calculated to  
13 dB. UMTS base station signals showed a similar variability. 
This can be explained by the high dynamics of the power con-
trol for UMTS.

Within the emergency room, we also observed a higher 
deviation for three additional services, namely DAB, Tetrapol 
and PPS II (450 MHz). This can be explained by significant 
changes of the environmental conditions of the highly shield-
ed emergency room during the frequently open doors. These 
services feature a much higher field deviation than the mea-
surement uncertainty of the short term measurement setup  
(63.3 dB). Hence it is highly recommended to perform long 
term measurements in order to record maximum occurred 
peaks. On the other hand there are locations (e.g. neurocritical 
care unit) where the services like the personal paging system 
(450 MHz) feature an average deviation that stays below the 
measurement uncertainty (see Figure 7). Here short term mea-
surements are sufficient to record maximum peaks.

The International Electrotechnical Commission (IEC) speci-
fied an immunity level of 3 V/m 5 129.5 dBµV/m to prevent 
electronics in medical devices from interferences [14]. This 
limit was exceeded in one case for PPS I and in two cases for 
PPS II. The cumulative contribution of multiple sources oper-
ating within regulations in different frequency bands can easily 
lead to a field level .3 V/m at some locations. The worst case 
measured fields at one point constructively sums up to a field 
level of 3.4 V/m, which was measured on a corridor in the main 
building. This suggests that the evaluation of the cumulative 
maximum field levels is required in order to ensure compliance 
with current immunity levels defined for medical devices.

Based on the maximum peaks that were measured between 
900 MHz–10 GHz the received noise power density is calcu-
lated for an isotropic receiving antenna with no reflection and 
polarization losses, see Fig. 8. The maximum Pulse Spectrum 
Density (PSD) is 228 dBm/MHz for wireless applications using 
the ISM band like Bluetooth, ZigBee and WLAN. In contrast 
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one can find different frequency ranges having a much lower 
power density with a maximum value of 281 dBm/MHz, e.g. 
in the UWB band from 3.1 to 5.3 GHz. Based on the measured 
transmission PSD of different technologies and the measured 
interference power density, the Signal to Interference Ratio 
(SIR) can be determined and compared. The SIR reflects di-
rectly the reliability of the communication link. For systems 
based on duty cycle schemes such as Impulse Radio UWB, the 
SIR can be traded off against lower pulse repetition rate (PRR) 
to reduce power consumption. A comparable system to UWB 
in terms of communication distance is the Bluetooth (BT) class 
2 with a transmission power density of S

t,max
 5 4 dBm/MHz. 

In the further analysis, interference avoiding schemes such as 
frequency hopping are neglected. For BT this leads to a SIR of 

	SIR
BT

 5 4 dBm/MHz 2 (228 dBm/MHz) 5 32 dB/MHz.� (2)

Compared to a UWB system with S
t,max

 5 241.3 dBm/MHz, 
we have

	 SIR
UWB

 5 241.3 dBm/MHz – (L
nfs

 2 81 dBm/MHz) 

	 5 36.7 dB/MHz,�  (3)

where L
nfs

 5 3 dB is the implementation loss due to the non 
optimal frequency occupancy of the UWB spectral mask when 
using Gaussian pulses. These results show that UWB features 
a slightly better dynamic range but at much smaller power 
levels. Furthermore it can be expected that the impact of the 
simultaneous operation of many UWB devices for Wireless 
Patient Monitoring (WPM) has only little effect on SIR

UWB
 

throughout the hospital, because of the smaller transmission 
power and hence the limited range. Thus SIR

UWB
 is only affect-

ed locally and a high spectral reuse is possible with the full 
dynamic range of 36.7 dB/MHz.

Outlook
The data collected might be further analyzed with respect to 
wireless services, locations and time. Further mobile measure-
ments are planned, where the electromagnetic fields will be 
recorded assuming a person is being transported along a typical 
transportation path in the hospital. This can be realized by put-
ting the measurement setup into a bed that is moved along a 
typical transportation track. This way, a better view of the 
changes of fields, when a patient is transported, could be 
obtained, especially how significantly a metal structure moving 
through the corridors is altering the environmental fields. To 
have a closer look at electrical transportation means is intended, 
too. Also spot measurements at a non medical office and inside 
a normal private home would be interesting for comparison. 
RFID readers might be an issue as well [14]. Further very long 
term measurements (some weeks) at the helipad could give an 
additional view on field variations. 

Conclusion
This report shows an extensive survey of the electromag-
netic environment from 9 kHz up to 10 GHz in the univer-
sity hospital in Zurich. Furthermore the procedure, 
equipment and method for performing measurements in a 

hospital environment is described. Two different types of 
measurement were carried out in order to record worst-case 
time- and location-based characteristics. Measurement 
uncertainties have been evaluated to be 63.3 dB for ’sta-
tionary short term measurements’ and 64.3 dB for ‘station-
ary long term measurements’. 

In some cases the immunity level specified by the IEC was 
exceeded. The EM interference sums up to 3.4 V/m for a worst 
case scenario where all the maximum field levels from all dif-
ferent services added up at one measurement point. For such a 
case the immunity level does not provide adequate protection 
of electric devices. The evaluation of the cumulative maximum 
field levels is required in order to ensure fail-safe operation for 
worst-case conditions, and to be compliant with current immu-
nity levels defined for medical devices.

The results allow the determination of the link dynamic range 
of different wireless technologies which are potentially suited 
for short range applications like sensor networks. Based on the 
measured field levels the received power density for an isotropic 
antenna was calculated between 900 MHz and 10 GHz. 

The results show that UWB features a slightly better dy-
namic range but at much smaller power levels. Furthermore it 
can be expected that the impact of the simultaneous operation 
of many UWB devices for WPM has only little effect on SIR

UWB
 

throughout the hospital, because of the smaller transmission 
power and hence the limited range. Thus SIR

UWB
 is only af-

fected locally and a high spectral reuse is possible with the full 
dynamic range. 

Good preparation and organization are of major importance, 
especially because measurements must be conducted in a run-
ning hospital, otherwise the signals would not be realistic. Fi-
nally, we hope that other groups can profit from our experiences 
and conduct similar measurements in other hospitals or other 
professional locations.
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