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tive 50 Ω elements between the septum and
the cell wall at low frequencies and by means
of RF absorbers across the cell end wall at
higher frequencies. The input of the GTEM
cell starts with a 50 Ω type N coaxial connec-
tor and is gradually transformed to the ta-
pered rectangular transmission line through a
precision crafted apex. The cross-sectional
views of a GTEM cell are shown in Figure 1. 

The matched termination and the tapered
structure of the GTEM cell contribute to a
broader frequency performance from DC to a
few gigahertz and larger working volumes, as
compared to traditional TEM cells. Due to
the enclosed metallic structure, GTEM cells
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The gigahertz transverse electromagnetic
mode (GTEM) cell was first proposed
in 19871 and subsequently patented in

1989 by D. Konigstein and D. Hansen2 as a
high frequency variant of the transverse elec-
tromagnetic mode (TEM) cell, which is also

known as the Crawford cell.3
The GTEM cell consists of a ta-
pered section of rectangular 50
Ω transmission line loaded with
an offset septum plate for in-
creased working space to ac-
commodate a larger equipment
under test (EUT). The septum
is offset and tapered in such a
way that a 50 Ω impedance is
maintained along the length of
the GTEM cell. Its termination
is obtained by means of resis-

APPLICATION
OF GTEM CELLS
TO WIRELESS
COMMUNICATION
TRANSCEIVER DESIGNS
The GTEM cell has been widely accepted as a sufficient tool in electromagnetic
compatibility for both radiated susceptibility tests and radiated emission tests. In
this article, the relationships among basic quantities such as input power, electric
field strength, antenna gain and path loss for the GTEM cell are reviewed. How
to perform the radiated sensitivity measurement of receivers as well as how to
measure antenna characteristics such as antenna factors, antenna gains and
antenna patterns using a GTEM cell are also explained. The measured antenna
patterns using a GTEM cell are compared with results obtained using an
anechoic room. The effectiveness and limitation of antenna measurements using a
GTEM cell are discussed.
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Fig. 1  A GTEM cell’s 
(a) top view 
and (b) side view. ▼



provide a shielded environment with-
out introducing the multiple reflec-
tions suffered with conventional
shielded enclosures, giving better re-
peatability and accuracy of measure-
ment results in a time efficient and
cost-effective way. In 1995, the FCC
officially accepted the use of GTEM
cells as alternate test sites for equip-
ment authorization purposes under
Part 15 of the FCC rules.4 Measure-
ments carried out in GTEM cells for
radiated emission and susceptibility
are well accepted by the international
EMC/EMI standards organizations. 

In addition to radiated emission
and susceptibility tests, the GTEM
cells can be used to measure the radi-
ated sensitivity of receivers and small
antenna gains and patterns5,6 as a less
expensive alternative to anechoic
rooms. Therefore, it is desirable and
practical to measure antennas, radiat-
ed sensitivity, radiated emission and
radiated susceptibility using one
GTEM cell during the design
process. Following up the review of
basic formulas for the GTEM cells,
the characterization of the reflection
properties of a GTEM cell is present-
ed. The measurement of radiated
sensitivity for pagers and mobile
phones using a GTEM cell is illus-
trated along with applications to self-
jamming tests. Two balanced dipole
antennas in both the cellular band
and the PCS band have been mea-
sured using a GTEM cell and the re-
sults are compared with those ob-
tained using an anechoic room. 

Similar to the conventional radiat-
ed susceptibility tests, the effective-
ness and limitations of antenna mea-
surements using a GTEM cell are
principally determined by the depar-
ture of the internal field structure
from a plane-wave (TEM mode) field
and the generation of the higher or-
der waveguide modes. Based on mea-
sured results of spatial field distribu-
tions, Garbe and Hansen7 proposed
the one-third rule that states that the
EUT height and width should not ex-
ceed one third of the septum height
and cell width, respectively. Crawford
also proposed the one-third rule for
the TEM cells.3 A rigorous analysis
on the GTEM cell, dipole excitation
and scattering by spherical objects in-
side the GTEM cells have been de-
veloped using the coupling theory of
local modes.8,9 The dispersion and

spatial power distribution of the fun-
damental and higher order modes in
the GTEM cell were presented by
R.D. Leo, et al.8 It would be benefi-
cial to re-examine the one-third rule
by this rigorous mode matching theo-
ry over a wider frequency range, be-
yond 1 GHz, for example, in order to
establish the measurement error
bounds using the GTEM cell. 

Another source of errors is the ab-
sorption of higher order modes by
the end RF absorbers. Hansen and
Ristau10 have concluded that one of
the main sources of problems in the
GTEM cell is “broadband” termina-
tion.10 Further research work is
needed to find out to what degree the
RF termination affects the measure-
ment errors. 

BASIC FORMULAS
Induced Electrical Field Strength

Since the electromagnetic wave
propagates in the TEM mode inside
the GTEM cell, the electrical field
strength is given by

where

Vin = input voltage
Pin = input power into the GTEM

cell
ZC = characteristic impedance of the

GTEM cell
h = height between the septum

plate and the horizontal bottom
ground plane at the point of
measurement

For a ZC = 50 Ω cell at h = 1m, the
electrical field strength can be ex-
pressed in decibels as

E(dBV/m) = –13 + 10logPin (dBm)
(2)

To generate the electrical field strength
of 6 V/m specified by the immunity test
standard IEC61000-4-3 at h = 1m,
from Equation 2, the required input
power into the GTEM is 28.6 dBm or
720 mW. If the EUT is put where h ≠
1m, a correction factor –20logh should
be added to Equation 2.

Antenna Factor
The antenna factor (AF) is defined

as the ratio of the incident electro-
magnetic field to the output voltage
from the antenna, when terminated

E
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in a 50 Ω load, as

Substituting Equation 1 into
Equation 3 yields

If an antenna under test (AUT) is
placed inside the GTEM cell where h
= 1m, the antenna factor of the AUT
can be determined using

AF(m–1) = 20logVin – 20logVout =

10logPin –10logPout (5)

Path Loss
The effective aperture of an an-

tenna can be expressed in terms of
gain and wavelength as

Since the dominant mode for
GTEM cell is TEM, by invoking
Equations 1 and 6, the output power
of the antenna is

For a 50 Ω cell and h = 1m,

and the path loss of the GTEM from
the input apex to the measurement
point is

From Equations 4 and 8, the classical
receiving antenna factor can be ob-
tained as

AF(dBm–1) =

19.8 – 20logλ(m) – 10 logG (10)

Equation 8 also suggests a way to
measure antenna gains using a
GTEM cell as

G(dBi) = 19.8 – 20logλ(m) 

+ 10logPout – 10logPin (11)
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CHARACTERIZATION 
OF THE GTEM CELL

To characterize the reflection
properties of the GTEM cell (ETS-
5411), the return loss of the empty
GTEM cell is measured over a fre-
quency range from 30 MHz to 4
GHz, as shown in Figure 2. It can be
seen that the return loss is well below
–20 dB over the frequency spectrum.
To characterize the local characteris-
tic impedance over the length of the
GTEM cell, the step pulse responses
of the GTEM cell are measured us-
ing time-domain reflectometry (Serv-
ice Option 001 of HP 8753ES Vector
Network Analyzer), as shown in Fig-

ure 3. Around the measurement
point (h = 1 m), marked by the cur-
sor, which is about 4 m away from the
apex, the local impedance is 64.2 Ω.
The deviation of the local impedance
above 50 Ω makes the apparent path
loss larger and the measured antenna
gain smaller. To correct for this im-
pedance deviation, the height of the
septum should be increased slightly. 

MEASUREMENTS 
OF RADIATED SENSITIVITY

The block diagram for measure-
ments of the radiated sensitivity of
receivers, such as pagers, is shown in
Figure 4. In order to reduce the per-
turbation to electromagnetic fields
caused by cables inside the GTEM
cell, it is desirable to use a fiber-optic
link between the receivers and the
receiver tester. The input power of
the receiver tester is stepped down
from an adequate high power level
until the threshold of a fixed bit error
rate is achieved. The radiated sensi-
tivity of the receiver in terms of elec-
trical field strength can be easily cal-
culated using Equation 2. It is useful
to obtain directional radiated sensitiv-
ity by rotating the receiver inside the
GTEM cell. 

Figure 5 shows the block diagram
to measure the radiated sensitivity of
tranceivers, such as mobile phones,
using a GTEM cell. An Agilent 8960
base station (BS) call box was used to
measure the frame error rate (FER).
Radiated sensitivity of the receiver of
a mobile station (MS) is defined as
the minimum received power at
which the FER
does not exceed a
specified value, usu-
ally ≤ 0.5 percent.
The data loop back
service is used for
the fundamental
channel test. The
BS sends pseudo-
random data to the
MS. The MS de-

modulates the BS data and transmits
it back to the BS. The BS compares
the sent and received data and deter-
mines how many errors occurred in
the MS’s reception of the data. It is
assumed there are no transmission
errors from the MS back to the BS. 

The test data service option
(TDSO) can be used for testing data
supplement channels (SCH). The BS
sends a known data pattern. The MS
compares the received and expected
data and determines how many errors
occurred in the received data. It then
sends the error result back to the BS
via a reverse signaling channel.

In both test methods of data loop
back service options and the TDSO,
it is necessary to know the path losses
experienced by the forward and re-
verse signals inside a GTEM cell to
calculate the radiated sensitivity. In
Tables 1 and 2, the path losses from
the input apex point to the test point
where h = 1 m inside the GTEM cell
for both cellular and PCS bands are
listed. It is also desirable to measure
the angular distribution of the radiat-
ed sensitivity by rotating the MS in-
side the GTEM cell. 

There are two quantities used to
describe the radiated sensitivity, that
is, the effective isotropic sensitivity
(EIS) and the total isotropic sensitivi-
ty (TIS), according to the Cellular
Telecommunications and Internet As-
sociation (CTIA).11 In the ideal case
where the antenna is lossless (100
percent efficiency) and there is no ra-
diated self-jamming, the TIS is equal
to the conducted sensitivity under the
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▲ Fig. 2  The return loss of the ETS-5411
GTEM cell.
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▲ Fig. 3  The characteristic impedance 
of the GTEM cell vs. distance.
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▲ Fig. 4  GTEM cell setup for measuring
radiated sensitivity of receivers.
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▲ Fig. 5  GTEM setup for measuring
radiated sensitivity of mobile phones.

TABLE I
GTEM PATH LOSS FOR LOW, MIDDLE AND HIGH CDMA

CELLULAR BANDS

Tx Rx

Channel number 1013 384 777 1013 384 777

Frequency (MHz) 824.70 836.52 848.31 869.70 881.52 893.31

Path loss (dB) 28.6 28.7 28.8 29.0 29.1 29.3

TABLE II
GTEM PATH LOSS FOR LOW, MIDDLE AND HIGH CDMA PCS BANDS

Tx Rx

Channel number 25 600 1175 25 600 1175

Frequency (MHz) 1851.25 1880.00 1908.75 1931.25 1960.00 1988.75

Path loss (dB) 35.6 35.7 35.8 36.0 36.1 36.2



mobile environment where the inci-
dent field has uniform angle distribu-
tion.12 In actuality, antenna efficiency
and interferences from RF transmit-
ters, baseband circuits and LCD dis-
plays will impair the radiated sensitiv-
ity. The EIS can be expressed as

EIS(θ,φ) = PS – G(θ,φ) + LS (12)

where 

PS = conducted sensitivity 
G(θ, φ) = receiver antenna gain,

which is directional

LS is the lumped self-jamming term
accounting for interferences caused
by RF transmitters, baseband circuits
and LCD displays.

It is noted that the EIS could be
better than the conducted sensitivity
if the antenna gain is above 0 dB and
there is no self-jamming degradation.

In practical designs, it is usually a
challenging task to isolate and sup-
press the sources of interference
from different board modules. Gen-
erally speaking, the interferences can
be categorized as transmitter power
dependent, baseband circuit depen-
dent and display dependent. Figure
6 shows the EIS of a prototype mo-
bile phone as a function of transmit-
ter power. Since the measured EIS
was improved by 5 dB after the trans-
mitter power was set back by 15 dB
from the maximum transmitter power
allowed by the mobile phone, it was
concluded that the transmitter
jammed the receiver. As the EIS ap-
proached a value around –94 dBm,
which was higher than the conducted
sensitivity –108 dBm, it was further
concluded that there exists other in-
terferences caused by baseband cir-
cuits and the LCD display. 

ANTENNA GAIN 
PATTERN MEASUREMENTS

Antenna gains and patterns were
measured using a GTEM cell for two
balanced dipole antennas at 824 MHz
(cellular band) and 1.85 GHz (PCS
band). The return losses of the GTEM
cell are –30 dB at 824 MHz and –27
dB at 1.85 GHz. The input power to
the AUT was first measured and the
output power at the GTEM apex was
subsequently measured for different
dipole rotation angles with respect to
the vertical, as shown in Figure 7. A
coaxial rotary joint was used to facilitate
the rotation of the AUT and to mini-
mize the movement of the feeding ca-
ble. The antenna gain can be deter-
mined from Equation 11 and the rele-
vant path loss values from the tables. It
is noted that the dipole antennas
should be rotated in the cross-sectional
plane of the GTEM, instead of in the
horizontal plane as suggested by C.
Icheln.6 When the arms of the dipole
antenna are in the vertical position, the
electric fields of the GTEM cell and
the dipole antenna are aligned, result-
ing in the maximum output power at
the apex. This is the position where the
antenna gain can be calibrated by a
GTEM cell.13,14

The antenna gain patterns ob-
tained using the GTEM cell and the
anechoic room are shown in Figure
8 for 824 MHz and in Figure 9 for
1.85 GHz. It is observed that, at a
frequency of 824 MHz, the ratio of
the antenna gain maximum to the
minimum is about 15 dB using the
GTEM cell and about 25 dB using
the anechoic room. This can be at-
tributed to the relatively large size of
the cellular band dipole antenna
(about 16 cm long) as compared to
the uniform field volume of the
GTEM cell. At the PCS band fre-
quency of 1.85 GHz, the ratio of the
antenna gain maximum to the mini-
mum obtained using the GTEM cell
is about –25 dB, even 7 dB deeper
than one measured in the anechoic
room. The antenna main lobes mea-
sured using both the GTEM cell and
the anechoic room agree well in the
PCS band; in the cellular band, the
GTEM cell gives broader antenna
main lobe than the anechoic room.

There are three major uncertain-
ties in antenna pattern measurements
using a GTEM cell — reflection from
the matching termination, higher or-

der GTEM waveguide modes and the
leakage current on the feeding cable.
A well-tuned GTEM cell should be
able to give around –25 dB return
loss across the spectrum. For the
GTEM cell used, the return loss
could be further improved if the local
characteristic impedance is fine
tuned to 50 Ω. In the measurements,
the AUT is positioned about 1 m
away from the tips of the absorption
materials and the return loss from the
matching termination would be ex-
pected to be worse than –25 dB due
to the near-field effects. Neverthe-
less, since the AUT was rotated in the
cross session of the GTEM cell, the
reflection from the matching termi-
nation should remain at the same lev-
el for all angles. 

The higher order waveguide
modes excited by the AUT can prop-
agate towards the matching section,
and will be cut off towards the input
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▲ Fig. 6  Effective isotropic sensitivity as a
function of the transmitter power. 
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▲ Fig. 7  Antenna pattern measurement
using a GTEM cell.
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▲ Fig. 8  Antenna radiation pattern 
of a balanced dipole antenna at 824 MHz.
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▲ Fig. 9  Antenna radiation pattern 
of a balanced dipole antenna at 1.85 GHz.



port of the GTEM cell.9 Due to its
tapering structure, the GTEM cell
behaves as a low pass filter. The high-
er order waveguide modes are re-
sponsible for the nonuniform fields in
the test volume of the GTEM cell. As
pointed out by R.D. Leo, et al.,9 the
higher order waveguide modes prop-
agating towards the apex have smaller
amplitudes than the ones propagating
towards the matching section, and
convert to the fundamental TEM
mode nicely and completely. The
higher order waveguide modes trav-
eling towards the matching section
will not be absorbed as well as the
TEM mode and thus are reflected to-
wards the apex of the GTEM cell,
limiting the dynamic range of the
measurements. The reflection of
electromagnetic waves from the
“broadband” RF absorbers is one of
the main error sources in measure-
ments.10

The leakage current along the
feeding cables gives problems to an-
tenna measurements in both the
GTEM cell and the anechoic room.
The practical and effective solutions
to reduce the leakage current are fer-
rite beads, baluns and reducing cable
movements.

CONCLUSION
It is practical and economical to

use GTEM cells to measure small an-
tenna gain patterns as well as to per-
form radiated sensitivity measure-
ments, radiated emission tests and ra-
diated susceptibility tests. A 6 m long
GTEM cell seems to be sufficient for
mobile phone applications. The main
source of measurement uncertainties
is the reflection from the matching
section for the TEM and the higher
order waveguide modes.  ■
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