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Reverberation 
Chamber Metrology 
for Wireless Internet 

of Things Devices
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I
nternet of things (IoT) devices are proliferat-
ing in our connected world, with the number 
of devices expected to exceed 14 billion in 2023 
[1]. Wireless IoT applications are increasing day 
by day, ranging from cellular-enabled parking 

meters that can validate your credit card in real time, 
to trash compactors that inform the garbage compa-
ny when they are full, to wireless local-area-network 
–enabled industrial programmable logic controllers 
(PLCs) that control robots on the factory floor with 

©
S

H
U

T
T

E
R

S
TO

C
K

.C
O

M
/Z

IN
E

T
R

O
N

Authorized licensed use limited to: NIST Virtual Library (NVL). Downloaded on February 24,2022 at 20:21:43 UTC from IEEE Xplore.  Restrictions apply. 



76     February 2022

micron precision. The physical size and shape or form 
factor of these devices can range from millimeters to 
meters on a side, and latency requirements can range 
from hours (e.g., trash compactor) to seconds (e.g., park-
ing meter) to milliseconds or less (e.g., factory floor 
sensing and control). With all of the possible variations, 
it is important to have flexible yet accurate test facilities 
for these devices.

Many wireless IoT devices have antennas integrated 
into the case or chassis, necessitating performance 
validation in an over-the-air (OTA) configuration [2], 
[3]. Besides that, some high-reliability applications, 
such as high-speed sensors and actuators operating 
on the factory floor, benefit from OTA testing in envi-
ronmental conditions similar to those anticipated 
for deployment [4].

OTA testing of cellular-enabled IoT devices in 
anechoic chambers has been standardized for many 
years [3]. In these tests, a 3D characterization of the 
radiated performance of the device under test (DUT) 
is pieced together with data from spatially distrib-
uted measurements on a virtual sphere surrounding 
the DUT. Samples are typically spaced equidistantly 
along the i  and z  axes for each of two orthogonal 
polarizations. For example, in [3], the angular spac-
ing was, at most, 15° for measurements of radiated 
power from the device, and 30° for measurements 
of the device’s receiver sensitivity. Note that this 
approach may be sensitive to sampling errors and 
may be time intensive.

To overcome this, a reverberation chamber loaded 
with RF absorber may also be used instead of an 
anechoic chamber for OTA tests of wireless IoT devices. 
The reverberation chamber is an electrically large, 
reflective cavity that supports many modes. The fields 
corresponding to these modes add constructively and 
destructively at the receive antenna. As a result, the 
received power can vary significantly as a function of 
frequency and location of the receive antenna within 
the chamber. Fortunately, the modal structure can be 
significantly altered by changing the boundary con-
ditions by moving metallic plates or paddles within 
the chamber. By averaging measurements made over 
a sufficient number and variety of static modal con-
ditions (known as stepped mode-stirring states), power-
based metrics such as total radiated power (TRP) and 
total isotropic sensitivity (TIS) can be estimated. Much 

recent research at the U.S. National Institute of Stan-
dards and Technology and other laboratories around 
the world has gone into quantifying the accuracy of 
such measurements [5]–[14], especially for cellular-
enabled IoT devices. While outside of the scope of this 
work, reverberation chambers are also excellent can-
didates for characterization of antennas and channel 
capacities in diversity and multiple-input, multiple-
output systems [7], [13], [15].

One important strength related to the use of rever-
beration chambers for testing wireless devices is their 
flexibility in device placement and its form factor. For 
example, placement of the device within the char-
acterized working volume is not critical because the 
device’s radiating element or elements will ideally be 
exposed to the same randomized fields anywhere in 
that volume. Parts of the device may even be outside 
of the working volume as long as they do not radiate 
(intentionally or unintentionally). Such flexibility is 
important for testing of physically large devices such 
as parking meters or vending machines because the 
exact location of the radiating elements may not be 
known and/or exact placement of the radiating ele-
ment in a specified location of the working volume (as 
required for anechoic chamber measurements) may 
be challenging.

In this work, we provide an overview of how to per-
form reverberation-chamber wireless testing for IoT 
devices. We first provide a brief overview to introduce 
the main concepts in the use of reverberation chambers 
for OTA testing of wireless devices. We discuss rever-
beration-chamber-specific components of uncertainty 
in these types of measurements, such as the number 
of measured samples collected and the chamber con-
figuration, including the efficiency measurement of the 
antennas. Our examples will focus on the characteriza-
tion of low-cost cellular-enabled devices that use a spec-
trally efficient transmission protocol called narrowband 
IoT (NB-IoT) [16]. Because the antenna efficiency can be a 
complicated measurement for narrowband devices and 
it is an important contribution to other device perfor-
mance metrics, we also discuss this. We then provide 
an example of an NB-IoT device measurement with cor-
responding uncertainties. These examples illustrate the 
flexibility that reverberation chambers can provide in 
terms of device placement within the chamber and the 
accuracy that can be achieved with relatively straight-
forward calibration procedures.

Reverberation Chamber  
Measurement Procedures

Averaging Is Key
To perform a measurement, the modal structure in 
the chamber is intentionally randomized by altering 

One important strength related to 
the use of reverberation chambers 
for testing wireless devices is their 
flexibility in device placement and 
its form factor.
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the boundary conditions within the chamber or by 
probing the fields at different locations and/or polar-
izations within the chamber. The former is often 
accomplished by use of a mechanical mode-stirring 
paddle (as illustrated in Figure 1), while the latter is 
often accomplished by use of a rotating platform or 
by using multiple measurement antennas having dif-
ferent physical locations and polarizations. Measure-
ment samples are averaged in postprocessing to obtain 
quantities such as TRP or TIS.

Because the quantities of interest must be derived 
by averaging, the uncertainty in the final estimate of 
that quantity will depend on the number of samples 
that were acquired. For measurements performed in an 
ideal, lossless reverberation chamber, the uncertainty 
due to the number of mode-stirring samples may be 
estimated as [17]

 ,u
MN
1=  (1)

where, generally, M and N represent various mode-stir-
ring mechanisms. For example, M may be the number 
of antenna positions, and N the number of paddle posi-
tions. The above formula assumes that the environment 
is wide-sense stationary (that is, the mean and autoco-
variance are time invariant and that the expectation is 
finite for all times) and, consequently, that the measure-
ment samples are independent and uncorrelated [18]. 
This assumption can be well 
satisfied in a high quality factor 
(high-Q) reverberation chamber 
whose configuration does not 
include much lossy RF absorbing 
material. Such unloaded cham-
bers have been used for many 
years in continuous wave electro-
magnetic compatibility and elec-
tromagnetic interference testing.

However, such an environ-
ment is rarely appropriate for 
testing wireless devices that 
transmit digitally modulated 
communication signals. Commu-
nication signals may have instan-
taneous modulation bandwidths 
on the order of tens of kilohertz 
to tens of megahertz. For testing 
of these devices, such a high-Q 
environment may provide a fre-
quency selective channel that can 
confuse the device’s equalizers, 
which were designed to operate 
in real-world multipath environ-
ments that vary less as a function 
of frequency.

For tests that require demodulating a communica-
tion signal, these chamber-induced effects can make 
it appear that the DUT’s performance is worse than 
it really would be under the real-world operating 
conditions for which it was designed. To provide an 
appropriate test environment for tests where we must 
demodulate the communication signal, we intention-
ally load the chamber with RF-absorbing material, 
leading to a host of issues that must be addressed for 
accurately characterizing the performance of the DUT. 
A few of these are summarized below, with more detail 
supplied in [12].

Chamber Loading and Coherence Bandwidth
Intentionally loading the chamber with RF absorber 
replicates the flat-fading channel conditions that wire-
less-device equalizers are designed to accommodate 
[6], [9], [12]. Figure 2 illustrates this, where we see that 
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Figure 1. A reverberation-chamber setup for TIS, including a turntable for position 
stirring, which is needed in loaded chamber measurements. The DUT is connected to 
a BSE, and it is disconnected for the reference measurement of ,Gref  where both the 
reference and measurement antenna are connected to a VNA.

To provide an appropriate 
test environment for tests 
where we must demodulate 
the communication signal, we 
intentionally load the chamber  
with RF-absorbing material.
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a significant amount of absorbing material is needed 
to measure the correct value of receiver sensitivity, as 
indicated by the plateau in the value of TIS. As Figure 2  
shows, once the channel is sufficiently flat, adding 
additional amounts of absorber does not significantly 
affect the mean value of the measured TIS, although 
the uncertainty due to lack of spatial uniformity may 
increase, as discussed in the “Uncertainties” section 
in the “Reverberation Chamber Measurement Proce-
dures” section.

A common metric that allows us to assess the 
amount of frequency flattening provided by a given 
loading condition is the coherence bandwidth (CBW) 
[12]. The CBW was originally used in RF propagation 
channel modeling, describing the frequency separation 

necessary for two signals to be considered statisti-
cally independent [19]. A wider CBW corresponds to a 
smoother frequency response. The CBW has an inverse 
relationship to the quality factor of a reverberation 
chamber. That is, the more that a reverberation-cham-
ber configuration stores energy, the more frequency 
selective the chamber setup is.

The CBW corresponding to a specific amount of 
loading can be estimated from the frequency autocor-
relation of an S21  measurement as
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where ( , )S f nj21  corresponds to the measured com-
plex S21  at frequency step fj  with P frequency points 
measured within the bandwidth of interest, BW, so 
that /( )f f BW 2c1 = -  and ( )./f f BW 2P c= +  The index, 
n, is the mode-stirring sample (out of N). The index, 
i, corresponds to one of several frequency-step offsets 
(lags) over the BW (here BW 100 MHz=  [2]), where 

( ) ( ).P i P1 1# #- - -  The frequency lag for a set of 
measured data will be given by ( / ).f i f f P 1p 1T = - -  
The asterisk denotes complex conjugation. The BW is 
taken over 100 MHz to provide stable results, as has 
been previously shown in [12].

A representative set of CBW plots for loading with 
various amounts of RF absorber is shown in Figure 3, 
where we calculated the autocorrelation using (2). 
The CBW is computed for a defined threshold of the 
autocorrelation function. The width for a threshold 
of 0.5 is illustrated by the dotted line in Figure 3 for 
the seven-absorber case. In current practice (e.g., 
[2]), the CBW would be chosen to meet or exceed the 
modulation bandwidth of the communication signal 
being tested.

Spatial Uniformity
As mentioned in the previous section, a signifi-
cant amount of loading may be needed for wire-
less device tests in order to accurately demodulate 
a communication signal. This loading increases the 
correlation between measured frequency samples 
to provide a flat-fading channel. On the downside, 
loading also increases spatial correlation between 
the sampled fields, whether at various positions of 
mechanical mode stirrers, between the locations 
of antennas, or even between antenna orienta-
tions. Such spatial correlation occurs because of an 
increase in unstirred energy relative to the stirred 
energy (a higher K-factor), which translates to an 
offset to the measured quantities. The issue with 
spatial correlation is that it reduces the number of 
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Figure 3. The frequency autocorrelation function for a 
chamber loaded with three different amounts of RF absorber. 
The threshold of 0.5 is chosen here to define the CBW, as 
illustrated by the dotted gray lines (from [9]).
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Figure 2. Received power corresponding to the receiver’s 
estimated TIS ( )PTIS  as a function of chamber loading for 
a cellular device that transmits a wideband code division 
multiple access signal having a 3.84-MHz modulation 
bandwidth (from [9]). Error bars correspond to the standard 
uncertainty obtained from measurements made with nine 
independent realizations of the same stepped mode-stirring 
sequence in the chamber.
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independent samples in the reverberation-chamber 
measurement, which can complicate the develop-
ment of a stirring sequence that will provide suf-
ficiently low uncertainty in the measurement of a 
quantity of interest. Understanding the lack of spa-
tial uniformity is, therefore, crucial to understand-
ing the accuracy of the measurement.

One method to assess the lack of spatial unifor-
mity for a given chamber configuration considers the 
variation in measurements of multiple independent 
realizations of the stepped mode-stirring sequence 
(where independence can be evaluated by use of a 
cross-correlation procedure [2]). To explain what is 
meant by independent realizations, let us consider 
a 100-sample stirring sequence consisting of N 10=  
different paddle angles and M 10=  different turnta-
ble locations. If the stirring sequence is well designed 
with uncorrelated samples, then any implementa-
tion of M N 100# =  samples should provide the 
same result (within the specified working volume of 
the chamber and to within the desired uncertainty). 
Assuming an adequate number of samples is used 
[see (1)], any deviation from this result will corre-
spond (approximately) to the lack of spatial unifor-
mity in the chamber. For many wireless protocols, a 
lack of spatial uniformity dominates uncertainty in 
the measurement [10], [20]. However, for narrowband 
protocols, this is not always the case, as will be dis-
cussed in the next section. 

Uncertainties
Many of the uncertainties in the estimate of metrics such 
as TRP or TIS from reverberation-chamber measure-
ments are common to other OTA test techniques, such 
as anechoic or semi-anechoic chamber measurements. 
These include residual impedance mismatch, signal 
generator stability, temperature effects, and repeatabil-
ity [10]. However, there are a number of components of 
uncertainty that are specific to reverberation-chamber 
measurements of wireless devices. These include the 
number of samples within a mode-stirring sequence [17] 
and the uncertainty due to the lack of spatial unifor-
mity between stirring sequences just mentioned. These 
two components of uncertainty may be difficult to char-
acterize individually because one parameter (e.g., num-
ber of mode-stirring samples) can affect the other (e.g., 
impact of lack of spatial uniformity).

Thus, for a given chamber setup and modulated sig-
nal bandwidth, it is common to perform a significance 
test to determine whether an uncertainty formulation 
should be used that assumes that both the within and 
the between uncertainty are significant or a formu-
lation that assumes only the between uncertainty is 
significant [20]. A method for calculating these compo-
nents of uncertainty is presented in the next section.

Generally, for testing wireless devices in loaded 
reverberation chambers, the uncertainty due to the 
chamber configuration’s lack of spatial uniformity 
dominates. As mentioned previously, this type of 
uncertainty is generally estimated from the dif-
ference in measurements of the chamber’s trans-
fer function [i.e., the chamber loss ( )]Gref  between 
independent realizations (we usually use a mini-
mum of nine independent realizations [2], [12]). 
However, for narrowband transmission formats 
such as NB-IoT, the uncertainty due to differences 
within the independent realizations may become 
significant, as shown in [10]. If this is the case, a 
different formulation should be used for uncer-
tainty, yielding a lower uncertainty estimate than 
the formulation that assumes only between uncer-
tainty to be significant.

Another component of uncertainty that plays a role 
in reverberation chamber measurements is the uncer-
tainty in the estimate of measurement antenna effi-
ciency. Reverberation-chamber calibrations require 
an estimate of the efficiency of the measurement 
antenna, in contrast to most anechoic chamber mea-
surements, which focus on antenna gain rather than 
efficiency. An estimation of antenna efficiency can 
be carried out from reverberation-chamber measure-
ments [21]–[27]. This is a separate step from the DUT 
and chamber characterization measurements, and 
some of the issues related to this are described in the 
section “Antenna Efficiency.”

To estimate the expanded uncertainty in the DUT 
measurement,  other contr ibut ions should be 
taken into account as well, according to the cellu-
lar industry association CTIA test plan [2], [3] (e.g., 
uncertainty in the antenna mismatch, the base-
station emulator (BSE) output level stability, the 
sensitivity in the search step size, the temperature 
variation, frequency resolution and miscellaneous 
uncertainty). The total expanded uncertainty of the 
full TRP or TIS measurement is estimated by taking 
the root-sum-square of the uncertainty in both the 
reference and the DUT measurements [2]. Note that 
the total expanded uncertainty should be below  
2 dB for TRP to comply to the CTIA test plan. Because 
TIS measurements are performed near the noise 
floor of the DUT’s receiver, this limit is expanded 
to 2.3 dB for TIS.

Generally, for testing wireless 
devices in loaded reverberation 
chambers, the uncertainty due to  
the chamber configuration’s lack  
of spatial uniformity dominates.
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IoT Device Measurements

Metrics
Two main metrics of interest for wireless device mea-
surements are TRP and TIS. To accurately characterize 
them, two measurements must be performed: a cham-
ber characterization Reference measurement using a 
vector network analyzer (VNA) and the measurement 
of the DUT itself, using a BSE, as illustrated in Figure 1. 
All measurement procedures described are according 
to the standardized CTIA test methods [2].

TRP is a measure of the total power radiated by the 
DUT in all directions. When measuring TRP, the BSE 
is configured to request the maximum radiated power 
from the DUT. Next, the average received power across 
the channel is measured at the BSE with an integrated 
spectrum analyzer. This process is repeated for each 
mode-stirring state and corrected for the chamber, 
cable, and antenna loss, where TRP is calculated as

 ,P
G G

PR
n

N F
TRP

ref meas
tot

cable

GG H H
h

=  (3)

where PR
n  is the received power for a mode-stirring 

sample n; · NG H  is the ensemble average over N mode-
stirring samples; F is the bandwidth over which the 
samples are frequency averaged, where the received 
power is averaged over the channel bandwidth; Gref  
and Gcable  are the chamber and cable loss, respectively; 
and meas

toth  is the total efficiency of the measurement 
antenna (illustrated in Figure 1 behind the semitrans-
parent blocking plate). The latter three variables are 
extracted from two separate reference measurements. 

TIS is a measure of the minimum received power 
accepted by a device without incurring an unacceptably 
low or high bit error rate, respectively. To measure TIS 
for NB-IoT, the BSE sets up a connection with the DUT 
and measures the throughput for various input powers. 
According to the CTIA test plan [2], TIS for NB-IoT cor-
responds to the minimum downlink power required to 
provide a data throughput rate greater than or equal to 
95% of the maximum throughput of the reference mea-
surement channel. The input power of the BSE is stepped 
down until the BSE reaches the throughput threshold. This 
process is repeated for all stirring positions and, similar to 
TRP measurement, also corrected for the cable, chamber, 
and antenna losses, where TIS is calculated using

 ,P G G
P

1
n

N

1
TIS ref meas

tot
cable

BSE
h=

-

c m  (4)

where PTIS  is the TIS in watt, and PBSE  is the input 
power provided by the BSE.

Reference Measurement
The reference measurement is performed to estimate 
the Gref  (including loading). The setup used is the same 

as in Figure 1, but a reference antenna is used instead of 
the DUT (as shown in Figure 1). The reference and mea-
surement antennas are connected to a VNA instead of 
a BSE. The DUT and the fixture that holds it are present 
in the chamber to maintain the same loading, but the 
DUT is powered off. Using an S21  measurement, the 
Gref  can be calculated using

 ,G
S N F21

2

ref
meas
tot

ref
tot

GG H H
h h

=  (5)

where ref
tot
h  is the total efficiency of a separate refer-

ence antenna that is not included in the DUT measure-
ment. Generally, the antenna will be integrated into 
the NB-IoT device, so this cannot be used as a refer-
ence antenna. To accurately represent the situation in 
the chamber during the DUT measurement, a refer-
ence antenna should be used that has a similar radia-
tion pattern as the one on the device. Such antennas 
may have a high frequency selectivity or high rejection 
band, which makes it more challenging to measure 
them in a reverberation chamber, as we will show in 
the “Antenna Efficiency” section.

The uncertainty due to lack of spatial uniformity, 
discussed in the previous section, can be extracted 
from the standard deviation in Gref  between NB  inde-
pendent realizations given by

 ,N G G1
1

,G
B

b N
b

N

1
ref refW

B

refv =
-

-
=

t^ h/  (6)

where G ,b Nref W  is the chamber transfer function for a 
given independent realization b, averaged over all NW  
mode-stirring samples within b, and where Gref

t  is the 
mean of all NB  independent realizations. This formula-
tion assumes only the differences between independent 
realizations to be statistically significant, as used in the 
current test plan [2]. The uncertainty due to lack of spatial 
uniformity for the reference measurement is then given by

 .u N
1

,B
B

G
2

ref refv=  (7)

When the uncertainty within independent realiza-
tions is also statistically significant (as discussed in 
[20]), the uncertainty for the reference measurement is 
given by

 ( ) .u N N N N G G1
1

, ,
B W B W

b w
w

N

b

N

11
ref ref ref

WB

=
-

-
==

t^ h//  (8)

Depending on the chamber configuration and the mode-
stirring sequence, this formulation may need to be used, 
as was shown in [10]. Note that this formulation tends to 
yield a lower uncertainty, but that, for ease of implemen-
tation, the current CTIA test plan assumes that only the 
between uncertainty is statistically significant [2].
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DUT Measurement
For the DUT measurement, only the DUT and the 
measurement antenna are used, where the latter is 
connected to a BSE. The DUT is connected only to a 
power source and not to the BSE directly. The reference 
antenna is not used in this measurement but, rather, 
remains in the chamber and is terminated in a 50-Ω 
load, again to maintain the same chamber loading 
for both the Reference and DUT measurements. For 
the DUT measurement, a lab typically performs only 
a single measurement (or independent realization) to 
reduce measurement time. In that case, .u G

2 2
DUT refv=  

Therefore, the uncertainty in the DUT measurement 
is often higher than the reference measurement. For 
example, in the setup used in [10], we showed that, 
for the NB-IoT protocol, both between and within 
independent-realization differences were statistically 
significant, where the uncertainty was 0.42 dB for the 
DUT measurement, but only 0.18 dB for the reference 
measurement. In the “NB-IoT Device Measurement 
Results” section, we will show results of TRP and TIS 
measurements of different cellular and NB-IoT devices, 
including the calculation of uncertainty.

Antenna Efficiency
As can be seen in (3) and (4), antenna efficiency plays 
an important role in determining the TRP and TIS of 
wireless devices. A variety of methods exist to estimate 
antenna efficiency in a reverberation chamber [21]–[27]. 
To estimate antenna efficiency, a separate measure-
ment of the reference power transfer function should 
be performed in an unloaded (or very lightly loaded) 
chamber since RF absorbers can act as an additional 
antenna load which may yield an incorrect estimate or 
high uncertainty, as was shown in [28]. Therefore, the 
antenna efficiency is generally not derived from the 
TRP/TIS-loaded reference measurements described 
in the “Reference Measurement” section of the “IoT 
Device Measurements” section but, rather, from a sec-
ond unloaded reference measurement. In this section, 
we describe several of the most common methods for 
deriving antenna efficiency from reverberation-cham-
ber measurements, along with their advantages and 
constraints. We refer to the total antenna efficiency as 
the ratio of the radiated power and the power arriving 
at the antenna port and the radiated antenna efficiency 
as the power accepted by the port. Reverberation-
chamber measurement methods generally estimate the 
total antenna efficiency, from which the radiation effi-
ciency may be derived by correcting for the mismatch 
at the antenna port.

In Figure 4, we show results for the total antenna 
efficiency of an antenna that could be used in future 
IoT applications, originally presented in [29], computed 
using different methods. This antenna is frequency 

reconfigurable, and we tuned it to have a narrow operat-
ing band centered at 1.4 GHz. It is important to note that 
this antenna has a high rejection band adjacent to the 
operating band, which caused the large discrepancies 
between estimates calculated with different methods. 
In this case, the dashed black and dotted blue curves in 
Figure 4 provide the correct estimate, while the solid-
yellow curves and the dash-dotted red curves show an 
overestimated approximation, as we will discuss.

We extracted all data from a single measurement, 
where the IoT antenna and two dual-ridge horn anten-
nas were present in an unloaded reverberation cham-
ber. All three were connected to a VNA. We measured 
12 positions with 100 stepped mode-stirring samples 
each, from which we extracted the uncertainty due 
to differences between independent realizations. The 
error bars in Figure 4 correspond to the uncertainty 
due to differences between independent realizations 
from (7), where each independent realization corre-
sponds to a different antenna position. We refer the 
reader to Use Case 1 as presented in [30] for a more 
extensive explanation of the setup used.

According to the International Electrotechnical 
Commission (IEC) standard [27], when an antenna 
replacement method (using three antennas) is used to 
assess antenna efficiency, one antenna with a known 
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Figure 4. A comparison of the efficiency estimate of an 
IoT antenna presented in [29], estimated with four different 
methods.

When an antenna replacement 
method (using three antennas) is 
used to assess antenna efficiency, 
one antenna with a known 
efficiency is required to be used  
as a reference antenna.
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efficiency is required to be used as a reference antenna. 
A second antenna may be any other antenna whose 
operational band is within the band of interest. The 
transmission coefficient between the two is measured 
as a reference, .S ,21 Ref  Then, the reference antenna is 
replaced with the antenna under test (AUT), and the 
transmission coefficient between the two, ,S ,21 AUT  is 
measured. The total efficiency of the AUT can then be 
calculated as

 ,
S
S

,

,

N F

N F

21
2

21
2

AUT
tot

Ref

AUT
Ref
tot

GG H H
GG H H

h h=  (9)

where Ref
tot
h  is the total efficiency of the reference 

antenna. The result of the IoT antenna computed 
with this method is shown in Figure 4, where we 
used a dual-ridge horn antenna as a reference antenna. 
The efficiency of the reference antenna was extracted 
from the nonreference three-antenna method des -
cribed below.

The antenna replacement method assumes that the 
Gref  does not change significantly when the reference 
antenna is replaced with the AUT. In reality, this may 
not be the case, as any discrepancy will lead to an over- 
or underestimation of the AUT’s efficiency. Another 
challenge of this method is that an antenna with a 
known efficiency is required. To overcome this, non-
reference antenna methods have been developed and 
are described next.

A few of the most common nonreference antenna 
methods are Holloway’s reverberation chamber-
based one-, two-, and three-antenna methods, pre-
sented in [25]. They are based on the assumption that 
the chamber’s Q, as computed in the time domain 
( ),QTD  does not contain the losses due to the anten-
nas’ efficiencies (because the early- and late-time 
behavior are removed), while the Q computed in the 
frequency domain ( )QFD  does (both of these metrics 
can be extracted from an S21  measurement). There-
fore, the efficiencies can be extracted by dividing the 
two as

 ,Q
Q

1 2
tot tot

TD

FD
h h =  (10)

where / ,Q V S16 2
21

32
FD r m=  with V the chamber vol-

ume and m  the wavelength. ,Q f2TD RCr x=  where RCx  is 
the chamber decay time, defined by the exponentially 
decaying part of the S21  time domain response.

Equation (10) has three unknowns, so the equation 
can be solved when the transmission coefficient is 
measured between all combinations of three anten-
nas. This is the concept behind the three-antenna 
method, which yields three equations [25]. The result 
of this method is shown by the dotted blue line in 
Figure 4, where the estimate has a low uncertainty 

and is within the uncertainty bounds of the antenna-
replacement method.

Equation (10) can also be solved by measuring only 
two, or even only one, antenna with some additional 
assumptions. The two-antenna method assumes that 
the ratio between the reflection and the transmission 
coefficients, the so-called enhanced backscattering 
constant ( ),eb  to be constant for every antenna posi-
tion, polarization, and orientation in the chamber. 
Therefore, the two-antenna method not only relies on 
transmission coefficients but also on reflection coef-
ficients. One property of these methods is that eb  is 
not always constant over position [31]. Another is that 
noise can introduce a large systematic error in com-
bination with a high uncertainty in the measured 
estimate, even while the signal-to-noise ratio of the 
total S-parameter remains high [26], [30]. This is due 
to the fact that, in some situations, randomly distrib-
uted samples of the paddles cannot be distinguished 
from random noise. Owing to the high rejection band 
of this antenna, one component of the measured 
reflection coefficient, ,S11  the so-called stirred-energy 
component, is dominated by the measurement noise 
rather than by the fields that have been randomized 
by the mode-stirring mechanisms. This component 
is, therefore, overestimated, resulting in a direct over-
estimation of the antenna efficiency. As shown by 
the dot-dashed red curve in Figure 4, this systematic 
error can vary significantly over frequency.

The one-antenna method relies on the measure-
ment of reflection coefficients by assuming that .e 2b =  
This makes it even more susceptible to noise, as shown 
by the solid-yellow curve in Figure 4. Note that this is 
especially problematic for IoT devices with a narrow 
operating band, or a high rejection band, such as the 
one used in this work, where a significant overestima-
tion of efficiency occurred. For this reason among oth-
ers, it is typical to use the antenna replacement method 
for certification tests, or the three-antenna nonreference 
antenna method when no antenna with a known effi-
ciency is available. 

NB-IoT Device Measurement Results
To illustrate the use of the reverberation chamber for 
measuring IoT devices, we compare measurements 
of a standard cellular handset to measurements of an 
NB-IoT device. Our NB-IoT device was a development 
board that operates over several frequency bands and 
intended for use by the designers of IoT equipment. We 
illustrate measurements made for these devices using 
protocols that have similar frequency bandwidths: 
Global System for Mobile (GSM), with a 200-kHz chan-
nel size, and NB-IoT, with a 180-kHz channel size. 
Because these two bandwidths are comparable, this 
more or less eliminates the bandwidth dependence in 
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the results that we show. Because frequency averaging 
can significantly lower the uncertainty in the estimate 
of TRP or TIS, the uncertainties for these transmis-
sion protocols are typically higher than what might be 
obtained for a transmission protocol having a wider 
modulation bandwidth.

As discussed in the “IoT Device Measurements” 
section, TIS is measured by acquiring the value of the 
base station output power for which the DUT exceeds 
a specified error threshold measured over increasingly 
low output power levels. For the GSM protocol, the 
error threshold is defined by a 2.44% bit error rate [3]. 
For the NB-IoT protocol, the error threshold is defined 
as less than 95% of the maximum data throughput [3]. 
Other protocols use different thresholds, generally 
depending on the expected reliability of the specific 
air link.

We will first show measurements of three differ-
ent cellular handsets in one specific band to illustrate 
the typical level of device variation and measurement 
reproducibility that can be expected for these types 
of measurements. For this first set of measurements, 
we intentionally used the lower range of the sub- 
6-GHz cellular spectrum (GSM Band 5 Channel 190, 
with a center frequency of approximately 881.6 MHz). 
Because reverberation chambers support fewer modes 
at lower frequencies, these bands tend to be more dif-
ficult to measure in terms of uncertainty. In our second 
set of measurements, we measured TIS for the NB-IoT 
device in a lower and higher frequency band (NB-IoT 
B28 Channel 9435, with a center frequency of approxi-
mately 789.5 MHz, and NB-IoT B1 Channel 300, with a 
center frequency of 2,140 MHz). These measurements 
are intended to illustrate the expected improvement in 
measurement uncertainty for the higher band.

All measurements were performed in the rever-
beration chamber illustrated in Figure 1. The chamber 
was loaded such that the CBW exceeded the channel 
bandwidth of the protocol to be tested. Extra loading 
ensured that the peaks of the narrowband signals did 
not drive the receivers in either the DUT or the BSE into 
a nonlinear operating state.

Two hundred stepped mode-stirring samples were 
acquired for each measurement and TIS was calculated 

using (4). Table 1 shows the results. The three GSM 
phone measurements agreed to within 1 dB. As previ-
ously mentioned, the CTIA requires a total measure-
ment uncertainty for TIS of less than 2.3 dB, so nominal 
agreement is seen for these devices. The uncertainty 
due to lack of spatial uniformity ( Grefv ) is presented 
for all three devices in Figure 5. This metric is plotted 
rather than (7) because it reflects the contribution to 
uncertainty of the nonideal chamber performance prior 
to combination with other components of uncertainty. 
Figure 5 shows that for increasingly wide frequency 
averaging bandwidths, the Grefv  estimate decreases. 
Since the averaging bandwidth is generally chosen to 
be the same as the channel bandwidth, this uncertainty 
tends to be higher for narrowband devices, illustrating 
one of the key challenges of testing these devices. Note 
that the reduced frequency range for higher averaging 
bandwidths occurs due to the running-average tech-
nique used.

The TIS from the NB-IoT device is not directly com-
parable to that of the cellular handset because of the 
different error-threshold metric used [bit error rate 
(BER) versus throughput]. Nonetheless, the expanded 
measurement uncertainty for these measurements is 
below the CTIA threshold. Our purpose here is pri-
marily to illustrate the method and provide some typi-
cal results.

Concluding Thoughts, Developments,  
and Trends
A reverberation chamber is an excellent candidate to 
perform fast (on the order of minutes), accurate, and 
flexible measurements of wideband and narrowband, 
single-input, single-output devices used for IoT appli-
cations, as we have shown. While the uncertainty may 
increase for narrowband protocols owing to a lower 
frequency averaging bandwidth as compared with 
earlier-generation protocols, we have shown that the 
deviation in measured TIS still adheres to the current 
standardized test methods [2], [3].

However, with the reduction in production costs, the 
test time needs to be reduced as well. One way to achieve 
a reduced test time is by adjusting the type of mode 
stirring. Current standardized reverberation-chamber 

TABLE 1. TIS results, measurement settings, and uncertainty for different devices for GSM and NB-IoT. 

Device Band Channel
Center  
Frequency

BW  
(kHz)

CBW  
(MHz) TIS (dB) Threshold 

GRefv   
(dB)

Cell Phone 1 B5 190 881.6 MHz 200 5.5543 –103.3 2.44% BER 0.6

Cell Phone 2 B5 190 881.6 MHz 200 5.5543 –102.8 2.44% BER 0.6

Cell Phone 3 B5 190 881.6 MHz 200 5.5543 –102.5 2.44% BER 0.6

NB-IoT Device B1 300 2,140 MHz 180 2.5768 –123.1 95% Throughput 0.5

NB-IoT Device B28 9435 789.5 MHz 180 4.9195 –119.2 95% Throughput 0.4
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measurement methods are based on stepped-mode 
stirring, where measurement samples are collected in 
a series of static channels. Because of the huge num-
ber of new, often low-cost, IoT devices, increasing the 
speed for these tests is of great interest in the wireless 
telecommunications industry. New methods based 
on continuous stirring in reverberation chambers are 
being explored. Such test methods may be appropriate 
for cases where uncertainties can be relaxed, that is, 
for cases where it is desired to produce a reasonably 
accurate result in as little time as possible. One exam-
ple is for the testing of inexpensive, cellular-enabled 
IoT devices.

A second example where continuous stirring may 
be beneficial is for the testing of intermediate chan-
nels in cellular devices. For intermediate-channel 
testing, full TIS measurements are performed at 
the low-, mid-, and high-channels of a given cellu-
lar band. Rapid testing at intermediate-channel fre-
quencies provides a quick indication of the device’s 
radiated performance to ensure there is no serious 
frequency selective behavior (e.g., an antenna “suck-
out”) due to unintended resonances in the integrated 
device. Methods are under development, such as that 
proposed in [32].

Another forward-looking application involves the 
creation of spatial channels that correspond to specific 
propagation-channel conditions. Current certifica-
tion tests such as the ones described here, focus on 
power-based metrics such as TRP and TIS in iso-
tropic conditions, similar to those provided by an 
anechoic chamber. By replicating realistic channel 
conditions, such as those found in outdoor urban 
environments [7] or on the factory floor [33], wire-
less devices with multiple and/or active antennas 
may be tested more comprehensively.

Reverberation-chamber research is underway at 
millimeter-wave frequencies as well [34]–[37], which is 
important as wireless devices start to operate in higher 
and higher bands. In summary, wireless technology is 
increasingly prevalent in many different applications 
that use a wide range of form factors and transmission 
protocols. The flexibility and accuracy provided by 
reverberation chambers—when properly configured 
and characterized—will likely play an increasingly 
important role in OTA testing.
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