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INTRODUCTION

The use of multiple-input multiple-output
(MIMO) in wireless is set to explode. More
specifically, wireless radios that implement vari-
ous multiple-antenna and/or adaptive antenna
technologies are pervading modern Long Term
Evolution (LTE) and IEEE 802.11 (Wi-Fi) tech-
nologies. These multiple-antenna technologies
include what we refer to as MIMO, that is, multi-
ple-input multiple-output spatial multiplexing
through time/space coding; as well as concepts
such as transmit or receive diversity of various
types, and transmit or receive beamforming. In
addition, there are other adaptive antenna tech-
niques that do not necessarily rely on multiple
antennas, but instead alter the impedance and/or
radiation pattern of one (or more) antenna(s) in
a device in order to enhance performance under
certain conditions. All of these technologies
imply some level of interaction with the RF envi-
ronment in which they are used and sometimes
even the physical orientation within that environ-
ment. The dynamic nature of these adaptive
technologies means performance tests that do
not adequately reflect the real world environ-
ment to which the device is designed to adapt,
such as the traditional total radiated power
(TRP) and total isotropic sensitivity (TIS) test
methods [1], will not provide the desired device
performance information. More important, the
benefits of some of these approaches and their
implementations cannot even be tested in any-
thing other than an over-the-air (OTA) test envi-
ronment that reflects an expected usage case. 

In addition to the physical antenna chal-
lenges, we are seeing the emergence of broad-
band bandwidth enhancement techniques such
as carrier aggregation in LTE-Advanced, which
will eventually aggregate up to 100 MHz of spec-
trum, and the 160 MHz channels supported by
IEEE 802.11ac. These enhancements further
stretch the limits of the capabilities of today’s
test and measurement equipment.

WHY OTA?
Previous publications [2, 3] have stressed the tra-
ditional reasons for OTA testing of metrics like
TRP and TIS. These primarily center around the
so-called interaction factors such as cellular
desensitization, which cause the combined per-
formance of a radio and antenna system to differ
from the result predicted by combining conduct-
ed radio tests with passive antenna pattern infor-
mation. These traditional single-input
single-output (SISO) OTA tests are based on
common antenna pattern measurement tech-
niques [4], and thus operate under the funda-
mental assumption that the measured radiation
pattern is a static behavior of the device under
test. As we look at more advanced radios that
include MIMO and other adaptive techniques,
this is no longer the case, and it becomes more
difficult to separate the radio performance from
the antenna. How does one separate the
impedance and pattern changes of an adaptive
antenna from the radio’s reaction to those
changes, or the software algorithm that controls
those changes from the impact of the environ-
ment that is causing it to alter the antenna
behavior? We are now dealing with a complex
antenna system, the resultant performance of
which is more (or less) than the sum of its indi-
vidual parts. There are certain performance met-
rics that can only be evaluated properly by
testing the antenna system, and even the entire
network system, including both ends of the radio
link and intervening environmental effects, as a
whole. 

On the other hand, while we may eventually
reach a point where the only testing that can be
done is OTA (60 GHz antenna systems on a
chip come to mind), we are not there yet. It is
critical that the industry look closely at the tests
being considered for OTA testing to ensure that
the metrics extracted provide unique informa-
tion that can only be obtained from an OTA
test. For most RF conformance tests performed
on a radio (error vector magnitude or EVM,
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spectrum emission mask, etc.), it is probably
redundant to attempt to perform those tests in
an OTA environment. On the other hand, there
may be some tests, such as spectrum flatness,
that would see the impact of the antenna fre-
quency response if tested over the air. However,
the same information could be determined reli-
ably enough with a passive test of the antenna to
determine its frequency response. Thus, given
the added complexity of creating a simulated
environment and then testing various device
usage cases within that environment, we must
choose carefully when determining which tests
need to be performed over the air. It should also
be noted that while wireless device certification
programs like that of the CTIA-The Wireless
Association may only look at a specific subset of
the possible test cases, manufacturers developing
these new devices often wish to perform more
extensive testing to better understand how their
device performs.

LTE CARRIER AGGREGATION
With the move toward LTE-Advanced, Third
Generation Partnership Project (3GPP) Release
10 [5], many manufacturers are developing their
first LTE-A handsets and expecting that they
will need to perform some sort of OTA testing
for carrier aggregation (CA). Carrier aggrega-
tion involves combining one or more separate
RF channels to be shared by a single user in
order to increase overall available bandwidth
and resulting throughput [6]. Since most cellular
network operators are likely to have small
unconnected bits of spectrum in a given market,
CA provides a mechanism for them to allow
individual users to have access to the entire
bandwidth they have available. Carrier aggrega-
tion supports both intra-band and inter-band
aggregation, with up to five 20 MHz channels
(100 MHz total bandwidth) in the short-term
plan. These could be adjacent channels (intra-
band contiguous, which is similar to IEEE
802.11n 40 MHz channels, but with a few critical
differences) or different channels within the
same band (intra-band non-contiguous), or they
could be channels in entirely different bands
(inter-band). Envisioned network implementa-
tions include the use of a macrocell as the pri-
mary cell (the one providing all the control
signals and maintaining the call) and then aggre-
gating carriers from the same cell, other macro-
cell(s), or smaller micro- or picocell
arrangements that give more bandwidth in a
localized region. 

These various scenarios provide a lot of pos-
sible ground for testing different combinations,
but one must still ask the question of what needs
to be tested OTA in order to get the right
answer. At the time of this writing, the CTIA’s
Certification Program Working Group OTA
Performance subgroup has just started a CA
Task Force to determine what sort of OTA test-
ing the organization will likely require in the
future. So far, the only known case where CA is
necessary would be to perform TIS testing for
Band 29, which is the downlink-only band that
was repurposed from a defunct forward link only
digital video streaming channel. Since this band

does not have an associated uplink channel, it
can only possibly be used in the current LTE
architecture by aggregating the band with anoth-
er primary channel. Likewise, since TIS testing
uses the normal bidirectional communication
link of a cellular call to obtain the digital block
error rate from the mobile device, there must be
an uplink channel available in order to measure
the sensitivity of the receiver on the downlink
channel. By using Band 29 as the secondary cell
in an aggregate channel, the error rate informa-
tion may be obtained on the primary cell uplink. 

This test, like all OTA testing, requires sig-
naling communication in the communication test
equipment. That is, the test requires establishing
a normal bidirectional communication link (e.g.,
a phone call) and performing tests using the
data packets transferred back and forth between
the communication tester and the device under
test (DUT). While LTE-A emulation options are
now available for most signaling communication
testers used for LTE OTA testing, currently
published white papers on performing RF tests
of CA implementations only describe non-signal-
ing applications using a vector signal generator
and vector signal analyzer setup. Thus, it is
unclear what performance-related test cases
might look like. Certainly, from a basic stand-
point, there is no reason to expect that the TRP
for a single uplink channel in an aggregate would
be different from that measured when the chan-
nel is used alone. Other than the possibility of
allowed or required (e.g., regulatory) pull-back
on the maximum output power when multiple
transmit channels are present (similar to what is
done for a MIMO channel), there are only a few
possible unexpected behaviors that come to
mind. The first is simply that the components
(amplifiers, power supply, etc.) cannot handle
the increased load, and thus the output power is
reduced. One would expect that such behavior

Figure 1. SISO TRP and TIS tests use common antenna pattern measure-
ment techniques to probe the performance of an active wireless device
from each direction around the device. No multi-path communication is
involved, and one fundamental assumption is that the device behavior is
static during the test.
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would be seen in a conducted test as well as an
OTA test. The other possibility, which may
require an OTA test in order to manifest, would
be mutual coupling between the two transmitters
such that the PA(s) see a larger return power
level. That, in turn, could cause heating or other
nonlinear effects that change the output power
more than the single-channel case. 

For TIS testing, it is necessary to again ques-
tion whether or not the aggregate sensitivity of a
given receiver will be any different than its sin-
gle-channel performance, and if it is, whether
any of that is due to the antenna/radiating prop-
erties of the device. Given the aforementioned
differences in propagation channels for the
inter-band case, it does not seem to make sense
to evaluate the sensitivity of both channels at the
same power level simultaneously, since it is high-
ly unlikely that would ever be the case in real
life. Each aggregate channel will operate with its
own modulation and coding scheme (MCS)
based on a given power level, each with poten-
tially different resource block allocations (RF
bandwidth and time slot assignments) within the
channel, and the secondary connection will be
set up or torn down as network conditions
require. Thus, a dual channel sensitivity would
appear to have little meaning. Similarly, other
than the one special case of Band 29 mentioned
above, it is not clear that testing the sensitivity of
a single aggregate channel (while leaving the
other(s) fixed) adds any information over the
individual channel TIS tests. One possibility to
investigate is that of self-desensitization, where
the uplink of one aggregate carrier causes inter-
ference to the downlink of the other. Since this
condition does not normally exist in the single-
channel test, this does appear to be a likely can-
didate for an OTA test. However, in most
current radio designs, it would seem unlikely
that the addition of the mobile antenna would
significantly increase the possible coupling
between the transmitter and receiver, as opposed
to possible conducted coupling paths. Nonethe-
less, secondary receivers, and designs with com-
pletely separate antennas for the two CA radios,
would probably require OTA testing to fully

investigate the potential for self-interference. It
is important to note, however, that the selection
of suitable bands for generating inter-band CA is
being driven by this potential for self-interfer-
ence, and thus this potential may be mitigated
somewhat by the choice of supported CA combi-
nations. Any standardized test for CA TIS would
be likely to resemble the cellular desensitization
test in the CTIA/Wi-Fi Alliance “Test Plan for
RF Performance Evaluation of Wi-Fi Mobile
Converged Devices,” where specific channel
combinations are evaluated for possible degrada-
tion in performance, rather than performing
complete TIS tests. After all, the radiation pat-
terns of the individual channels have no reason
to change unless intentionally designed to do so
when in CA mode. The same is true, of course,
for the TRP behaviors mentioned above as well.

It is worthwhile to note here one significant
difference between LTE CA and the wider chan-
nel bandwidths supported by IEEE 802.11n and
802.11ac. In the latter case, the aggregation of
channels is done in such a way as to create a sin-
gle wider channel, generally with the removal of
intervening guard intervals and so on. The
increase in bandwidth generally means that the
channel is more susceptible to interference, so
testing sensitivity on a 40 MHz 802.11n channel
can be expected to give a different result than
the sensitivity of two 20 MHz channels replaced
by the wider channel. Likewise, the meaning of
TRP could also be affected, although again, the
radiation pattern effects can be expected to
remain the same. While there has been some
consideration given in 3GPP to allowing adja-
cent channel aggregation to make adjustments
that would let a single receiver decode a wider
net channel, the basic assumption of LTE-A CA
is that separate transmitters/receivers operating
at independent MCSs are used to handle each
aggregated carrier.

MIMO
There are a number of proposed approaches to
MIMO OTA testing, each with their own pros
and cons. These have been discussed in detail
elsewhere [7–10], so except for certain test cases
that might require specific capabilities, those dif-
ferences will not be reviewed here. As men-
tioned briefly in the introductory sections,
MIMO OTA testing is really about RF environ-
mental simulation. Any radio technology that
uses features of the environment or otherwise
adapts to the environment cannot be evaluated
reliably without providing a realistic test condi-
tion for the device to operate normally. 

In general, MIMO testing is all about mea-
suring data throughput. The whole point of spa-
tial multiplexing is to obtain more information
bandwidth in the same amount of RF band-
width. While TRP and TIS are considered “edge
of link” metrics, indicating when a mobile is like-
ly to lose a connection, MIMO metrics are more
about the “edge of bandwidth,” where a user
might, for example, see substantial degradation
in a streaming video or other high-bandwidth
application. Thus, these tests are typically per-
formed at higher data rates than traditional
TRP/TIS tests. Throughput is typically moni-

Figure 2. Example of throughput vs. received power as a function of device
orientation within a simulated multi-path environment.
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tored as a function of downlink power level,
which corresponds to the increased path loss
seen as a mobile station moves further from the
base station, while maintaining the same spatial
relationship and fading behavior of the simulat-
ed environment around the DUT. In order to
represent the average user experience, the vari-
ous methods will typically evaluate the DUT in
different orientations within the simulated envi-
ronment, reflecting the expected usage cases that
might be seen in the real world, and then pro-
ducing either an average throughput for a given
power level or an average power level that pro-
duces a given throughput.

Most of the efforts for MIMO OTA testing
have been directed toward downlink MIMO. In
the case of LTE, this is obviously related to the
fact that LTE is only using MIMO in the down-
link direction, with mobiles typically having only
one uplink antenna. However, this also has to do
with the fact that the throughput test is essen-
tially a digital error rate test; hence, the mea-
surement of physical layer throughput vs. power
is really just a MIMO sensitivity test of the DUT
receiver. An equivalent uplink test would test
the sensitivity of the test equipment receiver and
thus have little meaning in terms of the perfor-
mance of the DUT.

The CTIA and 3GPP have run several inter-
laboratory test campaigns for evaluating multi-
path environment simulation and MIMO testing.
Those methods have concentrated on measuring
throughput vs. power using a fixed reference
channel (FRC) operating at a single MCS data
rate. Thus, they are not really testing the range
control adaptation which would normally happen
on a real network, since that behavior is depen-
dent on the base station, and there is a concern
that a so-called variable reference channel (VRC)
could not be guaranteed to behave the same for
different test equipment vendors. Since the data
rate setting of an FRC does not change as the
throughput drops, the only point of interest is
really where the next data rate curve would
intersect the throughput curve of the data rate
being tested. At that point, one would expect the

network to adapt to a lower data rate to extend
the range for that lower throughput level, allow-
ing the radio to more closely approach the theo-
retical bandwidth limit (Shannon capacity) for a
given signal-to-noise ratio (SNR). Thus, other
than occasionally showing unexpected behavior
from a DUT, the throughput vs. power curve
spends an inordinate amount of the test time
measuring data (100 percent throughput), which
is of very little use in evaluating the DUT per-
formance. For any sort of standardized test, the
more practical approach would be to perform a
sensitivity search for a target throughput level,
allowing for an optimized test process that mini-
mizes the amount of time spent looking at power
levels that produce uninteresting results. The
only thing left to do then is to decide which
throughput level is of interest. At the moment,
the members of the various working groups have
expressed interest in both the 95 percent
throughput point, which is likely to be the point
where a switch to a lower data rate setting would
occur, and the 70 percent point, which is typical-
ly on a more linear portion of the throughput
roll-off curve. 

Figure 2 shows a typical set of throughput vs.
power curves for an FRC measured in an ane-
choic boundary array (Fig. 3). The boundary
array method simulates a chosen RF environ-
ment using a spatial channel model to simulate
the environment outside the test volume. An
array of antennas simultaneously transmit signals
representing the various distributions of reflec-
tions and fading conditions so that they arrive at
the DUT from different directions as though
they were scattered about the real world, re-cre-
ating the desired near field environment around
the DUT. In the same way the computer and
display screens in a flight simulator project simu-
lated images of flight conditions, a boundary
array and spatial channel emulator project a sim-
ulation of the desired RF environment into the
test volume. The DUT is then rotated through
different positions and orientations representing
typical usage cases to determine its average per-
formance.

Figure 3. Illustration of the Boundary Array concept for creating a simulated RF environment using a spatial channel model. The
spatial information in the model is used to simultaneously drive an array of antennas around a DUT to recreate a target field
structure in the near field environment.
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While Fig. 2 illustrates the dependence of the
device performance on its orientation within the
test environment, it is desirable to use a single
figure of merit to reflect the average perfor-
mance of the device. Figure 4 illustrates two
such average performance metrics that are typi-
cally determined from the angular dependent
data. The first is the average throughput vs.
power, which would essentially be equivalent to
measuring throughput continuously while the
device rotates slowly through all orientations and
then reporting the resulting average throughput.
The alternate approach is to determine what
downlink power level produces a given through-
put level at each position and then report
throughput as a function of the average power
level. Note, however, that this is typically treated
as a sensitivity test, so the average is performed
over the inverse of the linear power (e.g., the
average attenuation between transmitter and
receiver) to determine the average performance.
It should also be noted that unlike TIS testing,
where the average is performed over a receive
antenna pattern which is inverted when mea-

sured using a sensitivity search, the choice to use
the average of the inverse power is somewhat
arbitrary in this case. Unlike TIS testing, which
evaluates an inherent property of the device’s
radiation pattern and thus gives more weight to
stronger signals than weaker ones, the MIMO
test in the boundary array evaluates device per-
formance in a variety of orientations in the simu-
lated environment to judge the expected user
experience. Thus, if one particular orientation
were to give exceptional performance, while
most other orientations produced performance
many dB below the best performance, it does
not make sense to give the better performance
condition more weight on a linear power scale,
since the average user experience would be well
below that level of performance. Thus, it may
make more sense to average performance over
the power scale in dB rather than in linear units
to eliminate this bias. 

While the two metrics in Fig. 4 provide almost
identical results in this instance, that is not
always the case. Another proposed methodology
for MIMO OTA testing is the reverberation
chamber (Fig. 5), which can be theoretically rep-
resented as a collection of states with a uniform
spherical probability distribution of plane waves
with random phases and magnitudes, and with a
very high degree of multi-path propagation.
What this means is that in any given state, the
incident fields as seen from a given point within
the chamber will appear as a nearly random col-
lection of “hot” and “cold” spots (imagine static
on a TV screen), but on averaging across all
states will appear as a (nearly) statistically uni-
form (e.g., grey) or isotropic environment, to
within some overall uncertainty. Given this uni-
form probability distribution, the chamber does
not represent any particular or even realistic
environment, but can be considered to be an
ensemble of possible three-dimensional environ-
ments with no net preference as to the angle of
arrival(s) of the MIMO signals. As such, it is not
possible to consider DUT performance in a par-
ticular usage case, since there is no net orienta-
tion information on the ensemble average, but
instead the result must be viewed as an average
indication of how a device might perform in any
orientation; even upside down!

Figure 6 shows throughput vs. power curves
measured for various states within a reverbera-
tion chamber, determined by stepping the mode
stirring paddles and DUT turntable to each suc-
cessive position in a stirring sequence and mea-
suring throughput vs. power. Figure 7 again
compares the metrics of average throughput vs.
power and average power vs. throughput, again
weighting the average power by the linear
inverse. This time, since each individual state has
a very rapid cutoff in throughput, the average
power case retains that sharp slope, while the
average throughput case produces a much more
gradual drop in performance. If one were to
choose a number like 32 Mb/s as the desired
throughput target, these two metrics would pro-
duce considerably different answers, with approx-
imately 3 dB difference in performance. On the
other hand, if one looks at the distribution of
the performance of each step state at 32 Mb/s,
the result clearly peaks with almost a Laplacian

Figure 4. Comparison of different potential metrics for overall device per-
formance.
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distribution at about 1 dB above the average
power case and 2 dB below the average through-
put case. So which metric better represents the
average user experience? 

MIMO AND INTERFERENCE
Measuring throughput vs. power, or switching to
a throughput sensitivity search, is analogous to
the SISO TIS test, where the limiting factors are
the thermal noise of the receiver and the plat-
form interference sources that leak into the
receiver through the antenna or conducted
paths. This is certainly the case for the edge-of-
link conditions evaluated with TIS testing, and
thus have interest for evaluating the MIMO fall-
back conditions such as transmit and receive
diversity, which serve to increase the range of a
radio link in a faded channel. However, the
argument can be made that since MIMO only
operates at a high SNR and thus must be rela-
tively near the base station in order to perform,
the most likely limiting factor is going to be
interference caused by a neighboring radio from
another user or another cell, rather than due to
platform noise. Thus, an alternate throughput
test can be defined where, rather than varying
the downlink power level, the power is fixed at a
level well above the platform noise, and then an
intentional interferer is injected with the signal
in order to determine throughput vs. SIR. (The
astute observer may note that this is actually sig-
nal-to-interference-plus-noise ratio, SINR, but
with the assumption that the interference and
signal are both well above the platform noise,
this essentially reduces to SIR.) 

There are a number of complexities with per-
forming an SIR measurement, the first of which
is selecting the interferer. Given the likely sce-
nario described above, the logical choice would
be to create an interferer simulating another
mobile device in operation in the vicinity of the
DUT. While simple in concept, this adds several
additional degrees of freedom to the test, since
the orientation of the interferer relative to the
DUT could be anywhere in the local environ-
ment. Thus, not only does the DUT need to
rotate against the simulated environment rela-
tive to the base station, but the interferer, which
could be both a mobile device and its associated
base station, would have to have its own envi-
ronmental model that could vary relative to both
the DUT and the base station model. On top of
that, the potential list of interfering frequencies
approaches a factorial complexity. The simplest
solution to both of these problems is to assume a
temporally and spatially uncorrelated and spa-
tially uniform additive white Gaussian noise
(AWGN) signal covering the bandwidth of the
receiver as the interferer. While being generally
easier to implement and immediately eliminating
several degrees of freedom from the testing, this
approach still retains the advantage of allowing
the gain patterns of the receive antennas to ben-
efit from the spatial variations of the channel
model, while the effect of the interference is
averaged uniformly across the receive patterns.
On the other hand, there are still some complex-
ities in providing both temporal and spatial de-
correlation that are challenging for different

MIMO test systems. It is obvious that the noise
should not be spatially correlated to the base
station. If a base station is the source of an
interferer (other than possibly due to an adja-
cent connection), it is defective and should be
repaired. The mobile performance is not of
interest in that case. Thus, the uniform noise
should be injected after all fading and other
environmental simulations have been applied. In
some cases, this is physically impossible for the
test method, and cost considerations may lead to
the desire to use the readily available AWGN
generator on the communications test equip-
ment, despite the fact that it may not reflect
reality.

APPLICATION LAYER
MIMO THROUGHPUT

In addition to the fixed reference channel
approach commonly seen with communication
test equipment, manufacturers are often inter-

Figure 6. Throughput vs. power curves for a collection of step-stirred states
within a reverberation chamber.
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Figure 7. Comparison of different potential metrics for overall device per-
formance based on step-stirred reverberation chamber results.
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ested in how their device interacts with its
expected counterpart in the real world. This is
quite common in Wi-Fi testing, where most of
the test cases center around interoperability, and
even for OTA performance testing, it is often
easier to obtain an off-the-shelf access point
(AP) or client and use the “golden radio”
approach to testing device performance. This
approach is also used by cellular network opera-
tors and even some device manufacturers who
use representative base station radios as their
golden radio at the other end of the link. For
data applications, then, the usual throughput test
is an application layer metric that uses TCP or
UDP data transfer rates to evaluate network
throughput over the wireless link. By using vari-
able attenuators or the gain control of channel
emulators in a MIMO system, it is possible to
measure application layer throughput vs. power.
Likewise, with the addition of an interference
source, throughput vs. SIR type sensitivity mea-
surements are also possible. Another potential
benefit of using real-world golden radios is that
now throughput tests are performed over a real
variable reference channel using whatever data
rate is negotiated for the link at each power
level. The result is a true “rate vs. range” repre-
sentation of the DUT performance, producing
the “waterfall” curves representative of wireless
link adaptation and the device’s corresponding
performance at each data rate.

MIMO PLUS
CARRIER AGGREGATION

While MIMO is one of the major bandwidth
enhancing techniques in LTE, LTE-Advanced
adds aggregation of multiple RF channels to the
MIMO OTA testing equation. The combination
of both different frequency bands and different
cell sizes implies that multiple channel models
would be required to adequately simulate the
spatial environment conditions these radios will
be expected to handle. In addition, the frequen-

cy span required to simulate these channels in
different bands exceeds the single-band band-
width capabilities of available channel emulators,
necessitating the use of two or more separate
bands of channel emulation to create the aggre-
gate channel.

UPLINK TESTING
Although uplink MIMO has not yet been
deployed for LTE, there is still a desire in the
industry to perform some sort of uplink MIMO
testing. There are several pertinent drivers here.
First off, IEEE 802.11n and 802.11ac support
bidirectional MIMO. At the physical layer, there
is no conceptual difference in a wireless station
(STA) regardless of whether it is an AP or a
client. In addition, TDD technologies like Wi-Fi
and time-division LTE (TD-LTE) can use chan-
nel sounding on the uplink to pre-code the
MIMO transmission on the downlink. Thus,
while TD-LTE devices are not actually transmit-
ting MIMO on the uplink (at present), there is
still a potential benefit to having a symmetrical
bidirectional channel for testing the downlink
performance. Finally, there is often a general
desire to measure throughput on the uplink side
in addition to the downlink, including all perti-
nent channel impairments.

From an RF performance link budget per-
spective, the only metric that matters is the
maximum amount of power that the mobile can
deliver to the network (TRP). That power
should remain the same, regardless of the chan-
nel between the mobile and the base station.
The ability of the base station to receive and
decode this signal is a property of the base sta-
tion receiver’s sensitivity, not that of the mobile.
Granted, there are other radio properties of the
mobile that might impact uplink performance,
but most of those are independent of the anten-
na performance of the device. The notable
exceptions to that are the concepts of beam
forming arrays and adaptive antennas (see the
next section).

Another problem with evaluating uplink per-
formance on a faded channel is that the radio
communication tester (i.e., base station emula-
tor) which would typically form the other end of
that radio link is really not designed for OTA
communication. Thus, the instrumentation
receiver designs are typically not implemented
with a rake receiver or the MIMO channel
equalization that would be necessary to handle a
faded uplink signal for SISO or MIMO testing.
Hence, not only would an uplink throughput vs.
power (really a throughput vs. uplink path loss)
test be evaluating the sensitivity of the test
equipment, but it would be attempting to test a
receiver that is not designed to work at all under
those conditions! 

All of the above leads to the conclusion that
the only place where uplink MIMO throughput
testing might make sense is for the golden radio
approach, where a real counterpart radio is
used at the other end of the link. In that case,
there is still the question of what is being tested
on the uplink. Certainly testing the downlink
with full adaptation based on uplink channel
sounding is possible, but measuring throughput

Figure 8. Power distribution of the various reverberation chamber step
states at 32 Mb/s throughput.
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vs. power or throughput vs. SIR on the uplink
would again only be testing the reference radio,
not the DUT. There is the potential of testing
uplink performance as a function of downlink
power or interference, but since that would gen-
erally result in the loss of ACKs or other con-
trol signals usually more robust than the
targeted communication data rate, it is not clear
what benefit it might offer. On the other hand,
for LTE devices, where closed loop power con-
trol is available from the base station, it then
becomes possible to measure throughput vs.
transmit power, testing for any performance
degradation due to distortions in the output
power amplifier or other components. Again, it
is not totally clear that such a test would be
antenna related, so a conducted test might gain
the same information. However, when evaluat-
ing MIMO performance, where the antenna
correlation and environmental effects are criti-
cal, some problems may only be detected
through OTA testing. 

Beyond that, the potential of some MIMO
OTA measurement techniques to isolate the
device orientation behavior from the environ-
ment geometry does give users the option to
evaluate the directional performance of their
device, even though the metric may be based on
the receiver sensitivity of the reference radio. If
we assume that the receiver is stable, the inter-
mediate data (e.g., throughput vs. angle) avail-
able from the boundary array approach provides
useful information about the relative perfor-
mance of the device as a function of orientation
or usage case within the environment, even if the
absolute value of the sensitivity result has no
real meaning. 

ADAPTIVE ANTENNA SYSTEMS
While multi-antenna beamforming has been a
commonly considered range enhancement fall-
back technique lumped under the general cate-
gory of MIMO, a new class of related techniques
has begun to emerge in wireless devices. These
techniques, generally referred to as adaptive
antenna systems (AASs), allow a device to alter
its radiation pattern or other antenna perfor-
mance parameters (e.g., impedance) in response
to its environment. While the concept of the
AAS is certainly nothing new [11], the technolo-
gy required to implement such systems in a small
mobile platform has only become practical in
recent years with the sensing and computing
power available in today’s smart phones. The
algorithms controlling these alterations can vary
between the use of RF parametrics or even grav-
ity or light sensors, allowing the device to change
its radiation pattern based on orientation or
usage case (e.g. against the head vs. hand only).
These techniques add a new level of complexity
to OTA testing, especially when the adaptation
algorithms respond to something other than just
the RF parameters of the test. The CTIA has
already acted to add a requirement that such
features be locked or disabled during TRP/TIS
testing in order to ensure that the tests evaluate
only one possible state of the DUT at a time.
However, the whole point of testing in a simulat-
ed RF environment as described above is to

allow the device to adapt as it would in the real
world. This will restrict such testing to only use
those techniques that can produce both the
desired spatial RF environment and the corre-
sponding physical geometries that reflect the
real-world usage case of the DUT. Certainly
AAS will be problematic for any of the indirect
measurement techniques that would attempt to
embed a fixed radiation pattern of the DUT into
a conducted channel model. Since the DUT can-
not freely adapt the radiation pattern embedded
in the model, the desired behaviors cannot be
tested. 

Touching on the uplink/downlink testing
scenarios discussed previously, AASs offer a
new degree of freedom to the problem and
open up new test case possibilities. Certainly,
an uplink test which reflects the impact of the
device adapting its radiation pattern to its envi-
ronment will bring additional information that
may only be available from an OTA test. The
possible variants of the additional testing
degrees of freedom are as wide as the number
of different techniques the adaptation algo-
rithm designers can think of for the device to
respond to. The culmination of such testing
will likely result in advanced “virtual drive test-
ing,” where both the RF and near-field envi-
ronments and orientation of the DUT will
progress over the duration of the test. Howev-
er, further discussion of this topic is beyond
the scope of this article.

CONCLUSIONS
While MIMO OTA test methodologies continue
to advance, the industry is still left with many
questions on determining the MIMO perfor-
mance of their devices. Device complexity is
growing faster than the ability of the industry to
standardize on test methods, possibly making
some methods obsolete before they can be
implemented. LTE testing has been the main
driver for downlink MIMO testing, but uplink
test requirements are not far behind. Carrier
aggregation adds another level of complexity, if
indeed there is a need for OTA testing of aggre-
gated channels. It is important that the wireless
industry consider what makes up an OTA test,
especially when considering uplink testing, in
order to guide the test and measurement tech-
nique development toward a solution they can
use. Emerging adaptive antenna systems will
require environment simulation techniques that
can stimulate the various sensors used by the
device to adapt in order to adequately evaluate
the performance gains offered by these tech-
niques.
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