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Wideband MIMO Channel Capacity Analysis in
Multi-probe Anechoic Chamber Setups
Wei Fan, Pekka Kyösti, Jesper Ø. Nielsen, and Gert F. Pedersen

Abstract—This paper discusses over the air (OTA) testing for
multiple input multiple output (MIMO) capable terminals with
emphasis on wideband MIMO channel capacity analysis in a
multi-probe anechoic chamber setup. In the literature, the spatial
correlation simulation accuracy at the receiver (Rx) side has been
used to determine the test area size for a limited number of
probes. However, it is desirable that the test area size is defined
in terms of data rate deviation of the simulated channel in the
laboratory from that of the target channel model. This paper
reports MIMO capacity analysis results for wideband spatiotemporal channel models, with emphasis on the impact of spatial
correlation at the transmit (Tx) side, the channel model, and
the spatial correlation at the Rx side on the capacity simulation
accuracy. Simulation results show that the number of probes
is irrelevant to capacity simulation accuracy when the spatial
correlation at the Tx side is in the high region (e.g. ρ > 0.7).
Furthermore, when correlation at the Tx side is low, the spatial
correlation accuracy is less critical with small correlation at
the Rx side. The simulation results are further supported by
measurements in a practical multi-probe anechoic chamber setup.
The capacity simulation accuracy is shown to be a valid measure
to determine the test area size.
Index Terms—MIMO OTA testing, multi-probe, anechoic
chamber, wideband channel capacity, test area size

I. I NTRODUCTION
The capacity of wireless systems can be enhanced by the
use of multiple antennas at both the transmitter (Tx) and
the receiver (Rx) ends [1]. New wireless standards such
as LTE and LTE advanced have adopted multiple antenna
technology. Over the air (OTA) testing methods of multipleinput multiple-output (MIMO) capable terminals have been
actively discussed in standardization recently [2]. Due to its
capability to physically synthesize electromagnetic fields in a
shielded laboratory, the multi-probe anechoic chamber method
has attracted great research attention. With the multi-probe
anechoic chamber method, the radio propagation environment
is reproduced as it would be experienced by the device under
test (DUT) in the intended environment, but in a repeatable
and controllable manner.
One major challenge with the multi-probe method is to
create a realistic multipath environment around the test device in the laboratory. The test area is a geometrical area
inside which the DUT is located. Acceptable error levels are
defined for the channel simulation to ensure that the target
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propagation environment is reproduced accurately inside the
test area. The test area size depends directly on the number
of probes used for synthesizing the radio channel [3], [4].
Many measurements have been performed to verify how well
the emulated channel models follow the target models in
terms of channel parameters such as power delay profile,
power Doppler spectrum, cross polarization ratio (XPR) and
spatial correlation at the Rx side, see e.g., [5], [6]. In the
literature, to appropriately assess how accurately the simulated
power angle spectrum (PAS) approximates the target PAS,
the difference between the simulated spatial correlation and
the target spatial correlation |ρ − ρ̂| is chosen and used as a
measure to determine the test zone size [3], [4], [7]. However,
there is a concern whether |ρ − ρ̂| is the optimal figure of
merit (FoM) to determine the test area size, as the ultimate
goal is to investigate whether performance of MIMO capable
terminals, e.g. data throughput, can be accurately evaluated
in the laboratory. Intuitively, |ρ − ρ̂| is more critical when
|ρ| is high, as MIMO performance (e.g. MIMO capacity) is
highly sensitive to correlation in the high correlation region
(|ρ| > 0.5), while |ρ − ρ̂| is less critical with small |ρ|, as the
performance reduction is negligible [8]. It is also assumed
that the test area size is determined by the spatial correlation
simulation accuracy at the Rx side and the correlation at the
Tx side is irrelevant.
The MIMO channel capacity in a particular environment
depends highly on its propagation characteristics [8]. The
effect of fading correlation on MIMO channel capacity has
been investigated based on existing spatio-temporal wideband
propagation channel models and extensive measurements reported in the literature [9]. Since the channels simulated in the
multi-probe setup are only approximations, it is necessary to
investigate how the capacity of the simulated channels matches
with that of the target channel models. The impact of antenna
correlation on channel capacity is well investigated in the
literature, see e.g. in [10]. Also, it was pointed out in [11] that
throughput results of tested MIMO terminals will be generally
low in the SCME Urban macro (Uma) channel models due to
the high correlation at the Tx side. However, no prior work
has been reported on the impact of Tx antenna correlation on
the test area size in the multi-probe setup. This paper reports
MIMO capacity analysis results for wideband spatio-temporal
channel models in the multi-probe anechoic chamber setup for
the first time in the literature, to the best of our knowledge.
Unlike previous work limited to spatial correlation simulation
accuracy at the Rx side, the impact of the Tx side antenna
arrays and the propagation environments are considered as
well in this study. The main contributions of the paper are:
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•

•

•

•

The MIMO capacities of the simulated channels in the
multi-probe anechoic chamber setup are investigated and
compared with the capacities of the target channel models.
The impact of spatial correlation at the Tx side and at the
Rx side on MIMO channel capacity is shown for the two
representative channel models that are used in the 3GPP
LTE standard for MIMO OTA testing [2]. The models
are the SCME Urban micro (Umi) Tap delay line (TDL)
model (six Laplacian shaped clusters) and the SCME
Urban macro (Uma) TDL model from [12].
The test zone size determined by MIMO capacity accuracy is discussed for the two representative wideband
channel models.
Measurement results in a practical multi-probe anechoic
chamber setup further support the capacity analysis results.

II. C APACITY E VALUATION FOR M ULTI - PROBE A NECHOIC
C HAMBER S ETUPS
A. Channel Models
1) Target channel model: The target channel models
adopted in this study are geometry-based stochastic channel
models. The widely adopted MIMO channel models like
SCME, WINNER, and IMT-Advanced models belong to this
family [12]–[14]. Geometry-based modelling enables separation of channel propagation and antennas at the Rx and the
Tx side [3]. A geometry-based channel model is composed
of multiple clusters, each of which is modelled by the cluster
power, delay, nominal angle of arrival (AoA), nominal angle of
departure (AoD), angle spread of arrival (ASA), angle spread
of departure (ASD), and cluster cross-polarization power ratio
(XPR).
For Nt Tx antennas and Nr Rx antennas, the MIMO
channel H ∈ CNr ×Nt ×Nir ×Ntaps can be represented by:


h1,1 (t, τ ) · · ·

..
..
H(t, τ ) = 
.
.
hNr ,1 (t, τ ) · · ·


h1,Nt (t, τ )

..
,
.
hNr ,Nt (t, τ )

(1)

where {hnr ,nt (t, τ )} ∈ CNir ×Ntaps represents the timevariant channel impulse responses (CIRs) between the input
of the nt -th Tx antenna and output of the nr -th Rx antenna
with t = 1, ..., Nir and τ = 1, ..., Ntaps . Nir and Ntap
are the number of time samples and maximum number of
delays (resolvable paths), respectively. Note that each CIR
contains the cascaded effect of a Tx antenna, the propagation
environment and a Rx antenna. In this study, two representative
channel models are selected as the target channel models: a)
the SCME Umi TDL and b) the SCME Uma TDL.
Similar to [3], [7], an omnidirectional antenna pattern is
assumed for each antenna element at the Rx side. The MIMO
channel in the frequency domain HF = {hF (nr , nt , t, nf )} ∈
CNr ×Nt ×Nir ×Nf is obtained by performing the Fourier transform of {hnr ,nt (t, τ )} in the delay domain, where Nf is the
number of sub-carriers. Nf has to be large enough to ensure
that each sub-channel experiences flat fading, i.e. sub-channel
bandwidth is much smaller than channel coherence bandwidth.

2) Simulated Channel Models in the Multi-probe Setup:
The channel simulation method in multi-probe anechoic chamber setups, named as the prefaded signal synthesis (PFS)
method, is detailed in [3]. The basic idea of the PFS technique
is to transmit fading signals separately from the multiple
probes. Different clusters are modeled independently. Each
cluster is mapped to the probes based on the cluster PAS
and probe angular locations. Each probe associated with the
cluster transmits weighted independent fading sequences with
identical statistics.
The target channel models adopted in MIMO OTA studies,
i.e. geometry-based stochastic channel models, are generally
dual-polarized. The PFS technique is capable of generating
dual polarized channel as well. The basic idea is that the
vertical and horizontal polarizations are treated independently
and separately. That is, a set of power weights are allocated
to the vertically polarized probes to reproduce the spatial
characteristics in the vertical polarization, while another set of
power weights for the horizontally polarized probes is used to
reproduce the target channel spatial characteristics of the target
channel in the horizontal polarization. If the same impinging
power angular spectrum is assumed for both polarizations, then
the same set of weights are utilized. The XPR is the ratio of
average power between the vertical polarization and horizontal
polarization, respectively. The XPR of the simulated channels
is achieved by controlling the ratio of the total power allocated
to the vertically polarized probes and horizontally polarized
probes. With the PFS technique, the instantaneous fading field
in the test area, however, will always be elliptically polarized
for each time instant. With the field synthesis technique, e.g.
the plane wave synthesis technique [3], it is possible to control
the polarization of the field (e.g. linear, circular, or elliptical
polarization). However, both phase and amplitude calibration
of the probes are required. For the sake of simplicity, the
target channel models are limited to a single polarization in
the discussion in the paper, although the capacity analysis
proposed in the paper is applicable to dual-polarized channels
as well.
A virtual array consisting of omnidirectional Rx antenna
elements is assumed in the paper. This assumption is generally
adopted in multi-probe anechoic chamber studies. The basic
idea is that, the Rx antennas are considered inherently during
testing, and the focus is generally on the channel simulation
part. That is, the channel simulation and the Rx antennas are
considered separately. A similar concept is adopted in the geometry based channel models, where the antennas at the Tx/Rx
side and the propagation channel are modeled separately.
Omnidirectional antenna patterns are used, as the DUT antenna
pattern is typically not known beforehand. Furthermore, if
some antenna patterns are embedded in the channel model,
the OTA performance will depend on both the antenna pattern
embedded in the channel as well as the antenna pattern in the
DUT, which is obviously undesirable. The impact of realistic
Rx radiation pattern, which includes the Rx antenna coupling
effect, on the channel simulation accuracy (mainly the antenna
correlation accuracy) is investigated in [15]. Results show
that the Rx antenna patterns have an impact on channel
simulation accuracy and the channel simulation accuracy is
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Table I
TARGET CHANNEL MODEL FOR IDEA ILLUSTRATION
Cluster
index
1
2

Power
[dB]
0
-3

Delay
[ns]
0
1000

AoA

AS

0o

35o
35o

45o

3

4

2

1

5

Reference position

6
8
7

Figure 1. An illustration of the multi-probe setup. K = 8 OTA probes are
uniformly located on the OTA ring. A uniform linear array (ULA) consisting
of 7 antenna elements with 0.2λ is used as the Rx.

good if a sufficient number of probes is used, regardless of
the Rx antenna patterns. For the capacity accuracy analysis,
the Rx antenna pattern might impact the total received power
level. That is, omnidirectional antennas would capture all the
transmitted power from the probes in the chamber, while
for realistic Rx antennas, there might be a difference in the
receiver power due to the directive radiation patterns of the
Rx antennas, which may impact the capacity and throughput
results. This effect will be investigated in future work.
A simple channel model that consists of two clusters is
selected as an example to demonstrate the idea of the PFS
technique, as described in Table I. Eight uniformly located
probes on an OTA ring are utilized to synthesize the target
channel models, as illustrated in Figure 1. The weighted CIRs
(originating from a single Tx antenna) that are transmitted
from all the eight probes are shown in Figure 2. Each cluster is
mapped to several OTA probes. Probe 1 (with angular location
0o ) is dominant in synthesizing cluster 1, while probe 5 (with
angular location 180o ) does not contribute to cluster 1. This is
expected, as the AoA of cluster 1 is 0o . Similar observations
can be made for cluster 2. Optimization techniques to obtain
power weights ω = {wk } ∈ RK×1 have been discussed in
[3], [16] and results from [16] are used here.
As detailed in [3], the CIRs from Nt Tx antennas to the
Nt ×Nir ×Ntaps
k-th probe over time are {hota
k (nt , t, τ )} ∈ C
with k ∈ [1, K] and K is the total number of probes. The
CIRs from the nt -th Tx antenna to the nr -th Rx antenna over
time are {ĥnr (nt , t, τ )} ∈ CNt ×Nir ×Ntaps with:

ĥnr (nt , t, τ ) =

K
X

Gnr (Φk ) · hota
k (nt , t, τ ) · αk,nr

(2)

k=1

where Φk denotes the angular location for the k-th probe. Gnr
is the complex radiation pattern of the nr -th Rx antenna, in

this case equal to 1 for nr ∈ [1, Nr ], as an omnidirectional
antenna pattern is assumed for all the Rx antennas. αk,nr is
the transfer coefficient from the k-th OTA probe to the nr -th
Rx antenna:
2π
(3)
αk,nr = L(dk,nr ) · exp(−j dk,nr ),
λ
where L(·) is the pathloss term and dk,nr is the distance
from the k-th OTA probe to the nr -th Rx antenna element.
The probe radiation pattern is assumed constant, as the test
zone is much smaller than the OTA ring size in the study.
For example, a test area of circle with diameter 16cm in a
2m radius OTA ring corresponds to around 5o probe angular
width, which is much smaller than the half-power beam width
(HPBW) of the probe antennas used in the multi-probe setup.
The variation of the radiation patterns of the probes over
the small angles, which corresponds to the test area, can
hence be ignored. We denote the simulated channel in multiprobe setups as Ĥ = {ĥnr (nt , t, τ )} ∈ CNr ×Nt ×Nir ×Ntaps .
Similarly we can obtain the simulated channel for multi-probe
setups in the frequency domain ĤF ∈ CNr ×Nt ×Nir ×Nf .
B. Capacity Evaluation and Spatial Correlation
1) Capacity Evaluation:
a) Target channel capacity: In this paper, we assume
that the channel knowledge is not available at the Tx side,
and hence MIMO capacity is evaluated by assuming equal
power allocation among the Tx antennas. The MIMO channel
matrices are normalized in two ways in the literature [17]. One
way is to ensure constant Tx power over the whole simulation
period. Another way is to ensure constant instantaneous SNR,
which corresponds to perfect power control at the Tx side.
Note that similar conclusions can be drawn for the two
normalizations, and the first normalization is used for the
results presented in this work. η is the mean channel energy
over time, Tx-Rx channels, and frequency. By normalizing by
η, the mean received signal power is 1. We have,
Nir Nf
Nt X
Nr X
X
X
1
|hF (nr , nt , t, nf )|2
η=
Nr Nt Nir Nf n
n =1 t=1 n =1
r=1

t

(4)

f

The instantaneous channel capacity of the target channel
model can be computed as [9]:
N

C(t) =

f
1 X
σ
log2 det(I +
· HF (t, nf ) · HF (t, nf )H ), (5)
Nf n =1
Nt · η
f

where I is the identity matrix, and HF (t, nf ) ∈ CNr ×Nt is
the channel matrix of the nf -th sub-carrier at time instant t.
σ is the received SNR. (·)H denotes the Hermitian transpose.
An average SNR of 15dB is assumed in the simulations and
measurements unless otherwise stated.
Similar to the analysis performed in [9], we can obtain two
kinds of statistics for the instantaneous capacity: a) capacity
in the narrowband case (with Nf = 1) and b) capacity in the
wideband case with a sufficiently large Nf using Eq. (5). In
[9], it was concluded that the wideband capacity results present
similar mean and smaller variance as a result of averaging
compared with the narrowband capacity.
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Figure 2. An illustration of CIRs for the target channel model detailed in Table I. Eight probes are used. Plots in blue corresponds to the CIRs associated
with cluster 1 and plots in green denote the CIRs associated with cluster 2.

where Gi and Gj are the complex radiation patterns of
antenna element i and j, respectively, with a common phase
that p(φ) is the composite PAS which satisfies
Rcenter.Note
π
p(φ)dφ
= 1, with the composite PAS being the weighted
−π
sum of the cluster PAS with the weights equal to the path
powers [13]. Cluster-wise spatial correlation can be calculated
according to Eq. (8) as well, where p(φ) denotes the cluster
PAS. Eq. (8) can be used to calculate the spatial correlation
based on the antenna configuration, antenna pattern and PAS
defined both at the Tx and the Rx side.
b) Simulated spatial correlation: In the multi-probe anechoic chamber setup, the simulated spatial correlation at the


Ntap
Ntap
X
X
Tx side ρ̂T x and the Rx side ρ̂Rx can be calculated directly
ρTijx = corr 
hnr ,i (τ ),
hnr ,j (τ )
(6)
based on Eq. (6) and Eq. (7), with H replaced by Ĥ. From Eq.
τ =1
τ =1
(8), the simulated spatial correlation at the Tx side ρ̂T x can be
PNir PNtap
PNtap ∗
τ =1 hnr ,i (t, τ ) ·
τ =1 hnr ,j (t, τ )]
t=1 [
directly calculated as well, since the same continuous PAS as
= qP
PNir PNtap
Nir PNtap
2
2
the target channel model is used for simulation at the Tx side
τ =1 hnr ,j (t, τ )|
τ =1 hnr ,i (t, τ )| ·
t=1 |
t=1 |
[3]. However, at the Rx side, what the DUT sees is essentially a
where corr() is the correlation operator. hnr ,nt (τ ) = discrete PAS, characterized by the angular locations and power
{hnr ,nt (t, τ )} ∈ C Nir ×1 denotes the CIRs associated with weights of the active probes. The simulated spatial correlation
delay τ between the nr -th Rx antenna and the nt -th Tx between the i-th and j-th element at the Rx side is:
antenna. In Eq. (6), the spatial correlation of the composite
of all clusters is calculated. Cluster-wise spatial correlation
P
Gi (Φk ) · G∗j (Φk ) · wk
can be calculated as well.
k
Rx
ρ̂ij = rP
(9)
Similarly, the coefficient ρRx
P
ij , denoting the correlation for
2 w ·
2 w
|
G
(Φ
)
|
|
G
(Φ
)
|
k
j
k
k
i
k
channels between the i-th and the j-th Rx antenna, both from
k
k
the same nt -th Tx antenna, is


where wk is the power weight for the k-th probe.
Ntap
Ntap
X
X
The simulated spatial correlation at the Tx ρ̂T x will always

ρRx
hi,nt (τ ),
hj,nt (τ )
(7)
ij = corr
match the target ρTijx , as the same continuous PAS is used.
τ =1
τ =1
However, due to the limitation in the number of probes, a
Alternatively, the spatial correlation at the Tx and Rx side can deviation between the simulated spatial correlation and the
be computed analytically, as detailed in [18]:
target spatial correlation at the Rx side exists, as discussed in
[3], [7].
Rπ
?
Note that the correlation at the Tx side is assumed indepenG (φ)Gj (φ)p(φ)dφ
−π i
qR
ρij = qR
, (8) dent from the considered Rx antenna. Similarly, correlation
π
π
p(φ)|Gi (φ)|2 dφ −π p(φ)|Gj (φ)|2 dφ
at the Rx side are assumed independent from the considered
−π
b) Simulated channel capacity in the multi-probe setup:
The channel normalization factor for the simulated channel
model η̂ is defined similarly as in Eq (4), with HF replaced
by ĤF . Similarly, the instantaneous channel capacity of the
simulated channel model Ĉ(t) is calculated similarly as in Eq
(5), with HF replaced by ĤF .
2) Spatial Correlation :
a) Target spatial correlation: The correlation coefficient
at the Tx and Rx can be obtained from wideband MIMO channel matrices detailed in Section II-A. The spatial correlation
ρTijx between a pair of channels from the i-th and the j-th Tx
antennas, both arriving to the nr -th Rx antenna is:
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Table II
T HREE SIMULATION SCENARIOS FOR CAPACITY ANALYSIS

Spatial correlation at Rx side for the SCME Umi TDL model

B

C

Channel model
Umi/Uma model

Umi/Uma model

Umi/Uma model

Rx configuration
A 2 antenna
element ULA
with 0.5λ
spacing
A 2 antenna
element ULA
with 0.5λ
spacing
A 4 antenna
element ULA
with 0.5λ
spacing

1
0.9

ρ11

0.8

Spatial correlation |ρ|

A

Tx configuration
2 co-located
elements with X
configuration, as
detailed in [2]
A 2 antenna
element ULA
with 10λ
spacing
A 4 antenna
element ULA
with 10λ
spacing

Target, Eq (8)
Simulated, Eq (9)
Target, Eq (7)
Simulated, Eq (7)
Measurement

0.7
0.6
0.5
0.4

ρ12

0.3

ρ13

0.2

ρ14

0.1

Tx antenna. This assumption is valid if the spatial stationarity
regions are larger than the array sizes at the Tx and the Rx
side, as explained in [19]. Note that it is assumed that the
spatial stationarity region, where the propagation parameters
(e.g. AoA and power angular spectrum) remain unchanged,
is larger than the considered Tx and Rx array size for the
geometry based stochastic channel models. In our study, the
array dimensions at the Tx and the Rx are not unreasonably
large and hence the assumption is valid in our investigation.
III. S IMULATION RESULTS
A. Simulation Scenarios
To understand the impact of the Tx antenna array, the
propagation environment and the Rx antenna array on the
MIMO capacity and the simulated capacity accuracy, three
scenarios are selected for the capacity analysis, as detailed
in Table II. For all the three scenarios, antenna elements on
the Tx side are ideal dipoles without considering the mutual
coupling effect between them. Note that any antenna element
and any array configuration can be used for simulation in
the Tx configuration. The ULA broadsight direction is 0o for
all the three scenarios in the Rx configuration. The ULAs
consisting of vertical polarized ideal dipoles are considered.
In scenario A, two ±45o cross polarized dipoles are used at
the Tx side. Similar setups are adopted in standardization for
MIMO OTA testing [2]. In [2], channel models with XPR =
9dB are used, while only vertically polarized channel models
are considered in this study for the sake of simplicity. In
scenario C, a 4 × 4 MIMO system is evaluated, with antenna
spacing 0.5λ, i.e, a maximal separation of 1.5λ among antenna
elements at the Rx side. The probe setup used in the simulation
is illustrated in Figure 1. Note that the two SCME channel
models are selected, as they have been standardized and
adopted in MIMO OTA standards as well [2], [13]. Hence, the
results shown in this paper apply directly to those standards.
B. Spatial Correlation
1) Spatial correlation at the Rx side: Spatial correlation
results at the Rx side for the Umi and the Uma channel models
for scenario C are shown in Figure 3 and Figure 4, respectively.
Note that the spatial correlations are between two individual
elements in the four-element array without accounting for
Rx
Rx
Rx
correlation of the inner antennas (i.e. ρRx
11 , ρ12 , ρ13 , ρ14 ).

0

0

0.5

1

1.5

2

Antenna separation [λ]

Figure 3. Spatial correlation at the Rx side for the SCME Umi TDL model
for scenario C. ρij in the figure denotes the correlation between two Rx
antenna elements i and j for the Umi model.

Spatial correlation results at the Rx side for scenario A and
B can be obtained from scenario C directly. The spatial
correlation between the two Rx antennas in scenario B is
the same as the spatial correlation between two neighboring
Rx antennas in scenario C, since the same antenna element
and antenna separation are used in the simulation for the
two scenarios. The derivation of results for scenario A and B
from scenario C is valid, as ideal dipoles without considering
antenna coupling are assumed for all the scenarios. As we
can see, the spatial correlation depends highly on the channel
models. The spatial correlations calculated from Eq. (7) match
well with the analytical formula results detailed in Section II-B
both for the target and simulated spatial correlation. Generally,
the simulated spatial correlation at the Rx side ρ̂Rx match
well with the target ρRx , when the Rx maximum antenna
separation is smaller than 0.7λ. When the antenna separation
exceeds 0.7λ, the simulated spatial correlation will be larger
than the target for both channel models, as a result of the
limited number of probes. Note that the spatial correlation
results at the Rx side have been reported in the literature, see,
e.g. [2], [6], [16], and is included here to explain the capacity
results in the following sections. The measurement validation
results presented in Figure 3, 4 and 5 are explained later in
Section IV.
2) Spatial correlation at the Tx side: As the channel models
are vertically polarized, the spatial correlation between two
co-located (i.e. with antenna separation 0λ) dipoles at the
Tx side for scenario A will be 1 for both channel models.
Spatial correlation results at the Tx side for the Umi and Uma
channel models in scenario C are shown in Figure 5. The
spatial correlations at the Tx side are between two individual
elements in the four-element array without accounting for
correlation of the inner antennas ( i.e. ρT11x , ρT12x , ρT13x , ρT14x ). As
expected, the simulated spatial correlation results match very
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Spatial correlation at Tx side
1

Spatial correlation at Rx side for the SCME Uma TDL model
ρ11

Spatial correlation |ρ|

0.9

ρ12

0.8

0.9

Target, Eq (8)
Simulated, Eq (9)
Target, Eq (7)
Simulated, Eq (7)
Measurement

Spatial correlation |ρ|

1

0.7
0.6

ρ13

0.5

ρ14

0.4

11

ρ

14

ρ12

0.7

ρ

0.6

13

Target, UMi
Simulated, UMi
Target, Uma
Simulated, Uma
Measured, Umi
Measured, Uma

0.5
0.4
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ρ

0.2

12

ρ13
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Figure 5. Spatial correlation at the Tx side for the SCME Umi TDL model
and SCME Uma TDL model for scenario C. ρij in the figure denotes the
correlation between two Tx antenna elements i and j for the Umi model.

Figure 4. Spatial correlation at the Rx side for the SCME Uma TDL model
for scenario C. ρij in the figure denotes the correlation between two Rx
antenna elements i and j for the Uma model.

C. Capacity Analysis
1) Eigenvalue analysis: The cumulative distribution functions (CDFs) of the ordered singular values are shown for
scenario A (left) and B (right) in Figure 6. For scenario A,
only one dominant singular value is present due to the high Tx
correlation (| ρT x |= 1 ) for both channel models, and hence
spatial multiplexing is not supported. For scenario B, two
dominant singular values are present for both channel models.
However, the Uma channel model is worse-conditioned due
to the high Tx correlation. The CDF of the simulated channel
models match well with the target channel models for scenario
A and scenario B, as expected.
The CDFs of the ordered singular values are shown for
scenario C in Figure 7. For the Uma channel models, the CDF

cdf

well with the target correlation, independent of the antenna
separation. The Tx antennas are de-correlated for the UMi
channel model, with correlation dramatically falling to 0 at
antenna separation 10λ. However, for the Uma channel model,
the Tx antennas are highly correlated, with ρT14x > 0.6 for an
antenna separation of 30λ. Spatial correlation results at the Tx
side for scenario B can be obtained from scenario C directly
as well. The correlation at the Tx side, as shown in Eq. (8),
depends both on the antenna array configuration at the Tx side
and the channel spatial profile at the Tx side. For scenario B
and C, the high Tx correlation observed for the Uma channel
model is due to the fact that the AoDs of the dominant clusters
are concentrated around the Tx array boresight direction [20].
The two channel models, i.e. the Umi channel model with
low Tx correlation and the Uma channel model with high Tx
correlation, are considered in the paper to demonstrate the
impact of Tx correlation on test zone size. The Tx antennas
in real sites are generally not highly correlated. But, high Tx
correlation might be present in some scenarios, as shown in
the measurement results in [21].
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Figure 6. CDFs of the singular values for scenario A (left) and scenario B
(right). Note that the plots for the simulated channels are on top of the plots
for target channel models.

of the most dominant singular value is much larger than the
other three singular values. The CDFs of the simulated channel
match well with the target for the Uma channel model due
to the high Tx correlation. As for the Umi channel model,
deviations between the CDFs of the simulated channel and
target channel exists, as a result of limited number of probes.
2) Capacity in narrowband and wideband case: Capacity
results in the narrowband case (with Nf = 1) and in the
wideband case (with Nf = 201 and bandwidth 20MHz in the
simulations) are compared for all the scenarios. The difference
between the mean of the wideband capacity and the mean
of the narrowband capacity is negligible for all cases. The
capacity variance is smaller in the wideband case compared
with the narrowband case for all the scenarios, as a result
of averaging. Figure 8 shows the instantaneous capacity in
narrowband and wideband cases for the simulated Umi channel
models for scenario C, where the mean capacity difference is
less than 0.1 bits/s/Hz. The standard deviation of the wideband
instantaneous capacity is 0.75 bits/s/Hz, compared with 1.5
bits/s/Hz in the narrowband case. Wideband capacity results
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and their cumulative distribution function (CDF) plots. The SNR σ is 15dB.

are shown in the following simulations unless otherwise stated.
3) Capacity Simulation results: CDF plots of the capacity
for scenario A, B and C are shown in Figure 9, 10 and 11,
respectively.
In scenario A, although the spatial correlation results at
the Rx side for the Umi model and for the Uma models are
different (as shown in Figure 3 and Figure 4), the capacity
difference is negligible, as shown in Figure 9. This is due to
the fact the Tx antennas are fully correlated for both channel
models and spatial multiplexing is not supported. Therefore
the capacity results are equally low for both channel models.
As shown in Figure 10, in scenario B, the capacity for the
Umi model is higher than the capacity for the Uma model.
The capacity gain for the Umi channel model, compared to
scenario A, is a result of low spatial correlation both at the
Tx and at the Rx side. However, for the Uma channel model,
the capacity gain compared with scenario A is negligible, as
the spatial correlation at the Tx side and the Rx side are still
high, with ρT x = 0.9 and ρRx = 0.6. As shown in Figure 11,
in scenario C, the capacity for the Umi model is higher than
for the Uma model, as the spatial correlation correlation at the
Tx side for the Uma model is always above 0.6, where the Tx
side correlation is 0 for the Umi model, as shown in Figure
5.

The simulated capacity results match very well with the
target capacity results for both channel models in scenario A
and scenario B. The maximum antenna spacing at the Rx is
0.5λ for scenario A and B. As shown in Figure 3 and Figure
4, the Rx side channel spatial characteristics can be accurately
modeled in a test area of 0.7λ with eight OTA probes.
The simulated capacity results are smaller than the target
capacity results for scenario C for both channel models, with
a mean difference of around 0.2 bits/s/Hz for the Uma model
and 1.6 bits/s/Hz for the Umi model. The small deviation for
the Uma channel model is due to the fact that the simulated
and target spatial correlation at the Tx side are high (i.e. Tx
correlation between any two elements larger than 0.65), which
will cause a dramatic capacity reduction with C and Ĉ being
equally low. The median capacity is 10.6 bits/s/Hz for the Uma
model, compared with 16.3 bits/s/Hz for the Umi model. For
the Umi channel model, the capacity difference is substantial.
As the spatial correlation at the Tx side is low (close to 0),
the difference is caused by deviation between the target and
simulated channels at the Rx side. The maximum antenna
spacing at the Rx is 1.5λ in scenario C, while the Rx side
channel spatial correlation can only be modeled accurately
when the antenna separation is smaller than about 0.7λ, as
shown in Figure 3. For the SCME Umi channels, the simulated
spatial correlation at the Rx side ρ̂Rx
13 (with antenna spacing
1.0λ) and ρ̂Rx
14 (with antenna spacing 1.5λ) are 0.4 and 0.8
Rx
respectively, compared with both ρRx
13 and ρ14 less than 0.1
for the target curve, as shown in Figure 3. Therefore, we see
a difference between the capacity of the simulated channel Ĉ
and the capacity of the target channel C.
In summary, if the Tx correlation is high, the channel
simulation accuracy at the Rx side is irrelevant to the capacity,
as the channel is ill-conditioned and the capacity results will
be equally low for the simulated and target channel model.
Nevertheless, the number of probes may affect the Rx power
level in simulation with practical DUT antennas, and thus the
throughput results might be affected by the number of probes
in the measurements. This impact is not present in the capacity
simulation results in this paper, as channel normalization
and omnidirectional DUT antennas at the Rx are assumed.
However, for practical OTA measurements (e.g. throughput
measurement), absolute power without normalization is used.
When the spatial correlation at the Tx side is low, the capacity
of the simulated channels will follow that of the target channels
within the test area where |ρRx − ρ̂Rx | is small. When the DUT
is outside the test zone area, we might see a difference between
C and Ĉ, as explained in Section III-D. Note that in reality, a
Tx correlation ρT x close to 1 is not very likely with practical
antennas for realistic channels. It is selected in the paper for
some scenarios to emphasize the importance of Tx correlation
impact in channel simulation, which has not been considered
in the literature.
D. Test zone size analysis
As explained earlier, it is desirable that the test zone size
is defined using data rate deviation of the simulated channel
in the laboratory compared to the target channel model. Data
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rate is one of the main factors that has direct influence on
end-user experience. Data rate (i.e. throughput) is used as
the metric for the characterization of active MIMO terminals
in MIMO OTA standardization. Although data rate deviation
under the target and simulated channels depend on how well
the correlation is reproduced, it is desirable that the test zone
size is defined using data rate deviation directly. Channel
capacity is the theoretical upper bound on the data rate that
can be reliably transmitted over a communications channel.
We can express the test zone size in terms of how accurately
the capacity of the simulated channel model Ĉ matches the
target channel model C. As shown earlier, the Rx side spatial
characteristics simulation accuracy become irrelevant when
correlation at the Tx side is high. To ensure that the capacity
results are sensitive to spatial characteristics at the Rx side in
the example, the spatial correlation at the Tx side is selected
to be low. In the following, the settings of scenario C for the
Tx antenna array and the Umi channel model are selected. At
the Rx side, the ULA antenna element spacing ranges from
0.1λ to 0.5λ in steps of 0.1λ, which corresponds to maximum
antenna separation ranging from 0.3λ to 1.5 λ with 0.3λ step
for a 4 element ULA. The CDF plots of the capacity results
for various antenna spacings for the Umi channel model are
shown in Figure 12. The mean capacity of the target and
simulated channel models for the 4 × 4 MIMO system with
different maximum antenna separations among elements in
the Rx are shown in Table III. As can be seen, the capacity
deviation |C − Ĉ| is up to 0.2 bits/s/Hz when the maximal
antenna separation is smaller than 0.9λ (i.e. antenna spacing
less than 0.3λ ). Although |ρRx − ρ̂Rx | is around 0.25 at
0.9λ maximum antenna separation, as shown in Figure 3, the
capacity deviation |C − Ĉ| is only 0.2 bits/s/Hz. This is due to
the fact that |ρ − ρ̂| is less critical with small |ρ| (|ρ| = 0.3).
At maximal antenna separation 1.2λ (i.e antenna spacing 0.4λ
), the capacity deviation |C − Ĉ| is 0.9 bits/Hz/s, as ρRx is
close to 0, compared with ρ̂Rx in the high correlation region
(ρ̂Rx = 0.8). As shown in the simulation results, the test area
size is limited, regardless of the metric used. With an eightprobe setup, the test area size is limited to 0.7λ with threshold
|ρRx − ρ̂Rx | ≤ 0.1, compared with the test area size limited
to 0.9λ with threshold |C − Ĉ| ≤ 0.2 bits/s/Hz.
As can be seen from the simulation results, the capacity
simulation accuracy depends highly on the Tx correlation, the
Rx correlation and the Rx correlation simulation accuracy. The
capacity error represents the simulated data rate deviation from
the target expected data rate, while it obscures the information
on the physical characteristics of the simulated channel. For
example, it might be difficult to explain the system performance under certain channel models and the Tx/Rx configurations without knowing the correlation level at the Tx and Rx
side. Note that the test area size in terms of capacity simulation
accuracy or correlation simulation accuracy at the Rx side is
determined by the predefined corresponding error thresholds.
In the literature, a maximum correlation error of 0.1 or rms
correlation error of 0.05 are often assumed. However, it is not
clear whether such error thresholds in correlation error would
result in a difference in MIMO device performance, e.g. the
throughout. The focus of the study is to propose a metric to
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Table III
M EAN CAPACITY FOR THE 4 × 4 MIMO SYSTEM WITH DIFFERENT
ANTENNA SPACING [ CAPACITY UNIT: BITS / S /H Z ].
Antenna element
spacing
C
Ĉ
|C − Ĉ|
|ρ14 |
|ρ14 − ρ̂14 |

0.1λ

0.2λ

0.3λ

0.4λ

0.5λ

10.5
10.5
0
0.59
0

12.9
13.1
0.2
0.06
0.01

14.7
14.5
0.2
0.04
0.25

16.0
15.1
0.9
0.09
0.69

16.3
14.7
1.6
0.02
0.83

determine the error level for a specific multi-probe anechoic
chamber system and considered target propagation channel
within the test area. If the error thresholds for the capacity
simulation error are defined by the standard bodies or other
groups, the acceptable test area size with a limited number
of probes can be calculated. As shown in Table III, relative
capacity errors for 0.3 λ and 0.4λ antenna element spacing (i.e.
0.9 λ and 1.2 λ maximum antenna separation) are 1.4% and
5.6% respectively. However, correlation errors are 0.25 and
0.69 for 0.9 λ and 1.2 λ maximum antenna separation cases,
respectively, indicating a high sensitivity of correlation error
as a metric. For the same relative threshold, relative capacity
error could result in a larger test size area.
IV. M EASUREMENT VERIFICATION
A measurement campaign was carried out in a practical
setup at Anite Telecoms Oy, Finland to verify the capacity
analysis results presented in Section III. Figure 1 illustrates
the test setup. Figure 13 shows parts of the practical probe
configuration in the anechoic chamber. Eight uniformly located
probes on the azimuth ring were connected to an Anite
Propsim F32 to synthesize the channel (with only 8 channel
emulator output ports connected), while the rest of the probes
on the other rings were not connected. A sledge and turntable
that support radial and rotational movement, respectively, of
the calibration dipole were used in the measurements.
Phase and amplitude calibrations are performed for each
probe before the measurements, although the phase calibration

is not required with the PFS technique, as explained in
[3]. The basic idea is to record the channel matrices using
the calibration dipole in several positions and calculate the
capacity based on Eq. (5). The measurement procedure is
similar to the spatial correlation measurements detailed in
[2]. Summarizing, for CIRs that are associated with each Tx
antenna, the channel emulator is paused every 10 CIRs (with
4 CIRs per wavelength) to satisfy the Nyquist criteria and S21
is measured with the network analyzer and saved for postprocessing. 2000 CIRs were recorded in the measurements.
The sweep of the same CIRs is repeated for all the seven test
positions, as shown in Figure 1. Then the same procedure is
repeated for the CIRs associated with other Tx antennas in a
sequential manner.
Note that the simulated channels in the multi-probe setup, as
shown in Figure 2, have multiple different delays. The geometry based stochastic channels are generally frequency selective
channels, and the DUT will be evaluated under the generated
wideband channel models. Narrowband measurements were
performed to save measurement time. As shown in the simulation results in Section III-C2, the difference between wideband
and narrowband mean capacity is negligible. The frequency
responses were recorded at frequency f = 2.14 GHz. One
important aspect related to practical measurements is that we
should ensure that the absolute power levels associated with
different Tx antennas in the calibration are the same (or at
least known).
As the measurement was conducted in an anechoic chamber,
the noise and interference inside the measurement can be
considered insignificant. Note that neither interference nor
noise were emulated with the channel emulator in the measurements. Only the frequency responses of the channel at a
single frequency were recorded. The capacity of the measured
channels is calculated assuming an average SNR σ = 15 dB.
Other SNR values can be used in the calculation as well. Note
that it is a mandatory step to analyze the sources of errors
and uncertainties in the measurements. Some investigations
on measurement uncertainty were reported, see e.g. in [22],
where some error sources were identified and analyzed. Testing items, e.g. turntable stability, signal drifting level in the
channel emulator and power amplifiers, power coupling level
among probes, reflection level inside the anechoic chamber
and cable effects were investigated. Phase and amplitude
drifting of the whole OTA system were up to 6o and 0.3
dB over 6 hours. Co-polarized probe coupling was below 30dB and cross-polarized probe coupling was below -20dB. It
was found that a choke/cartridge or Ferrite-loaded cable can
help minimize the cable effects. The uncertainty level, after
careful system calibration is quite small in the measurements,
as demonstrated by the measured field synthesized results in
[22]. Quantifying the uncertainty levels in practical multiprobe anechoic chamber setups and their impact on performance parameters, e.g. signal correlation accuracy, capacity
and throughput is beyond the scope of the paper.
In the measurements, the settings of scenario B for the
Tx antenna array presented in Section III was selected, and
both the Uma and Umi channel models are investigated.
To understand capacity simulation accuracy as a function of
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Figure 13. Illustration of part of the practical probe setup in the anechoic
chamber. The measurement was done at f = 2.14 GHz

antenna separation at the Rx side for both channel models,
virtual arrays consisting of two antenna elements with different
antenna spacings were used for the Rx, as shown in Figure 1.
A single dipole at seven positions were used to record CIRs
in the measurement and to form virtual arrays at the Rx side.
Note that the same channel models were reproduced in the
multi-probe setup for each measurement position. The spacing
increment between antenna elements was 0.2λ, as opposed to
0.1λ in previous sections, to save measurement time. Hence,
six 2 × 2 MIMO matrices with different antenna separations
at the Rx side could be formed.
Mean capacity C results for the target channel model, mean
capacity Ĉ for the simulated channel and mean capacity Cm
for the measured channel for both the Umi and Uma channel
models are shown in Figure 14. The spatial correlation at
the Rx side and at the Tx side for the two channel models
are shown in Figure 3, Figure 4 and Figure 5, respectively.
The measured spatial correlation matches very well with the
simulated correlations at the Tx and Rx for both the Umi and
Uma channel models, with a deviation between the measured
and simulated correlation up to 0.03.
The capacity for the Uma model is generally lower than for
the Umi channel. The deviation |C − Ĉ| is generally small for
the Uma channel model, as the correlation at the Tx side is
high. For the Umi channel model, |C − Ĉ| is rather small when
antenna separation is smaller than 1λ. Similar observations
have been made and explained for scenario B in section III-C3.
As shown in Figure 14, the measured mean capacities Cm
matches well with the simulated mean capacities Ĉ for both
the Uma and Umi channel models, with a deviation up to 0.2
bits/s/Hz.
V. C ONCLUSION
One of the key questions to be addressed in the multi-probe
anechoic MIMO OTA testing is how large a test area can be
supported with a limited number of probes. The current work
investigates wideband MIMO channel capacity in multi-probe
anechoic chamber setups, with an emphasis on the relationship
between capacity simulation accuracy and test area size. The
investigation is based on the well accepted channel models in

Figure 14. Mean capacity of the target channel model (C), mean capacity of
the simulated channel (Ĉ) and mean capacity of the measured channel (Cm )
for the SCME UMi and SCME Uma TDL channel models.

the 3GPP LTE standards for over the air testing of MIMO
capable terminals, i.e. the SCME Umi TDL and SCME Uma
TDL models. For these models, the simulation results show
that it is irrelevant how well the spatial characteristics at the
Rx side are reproduced when the spatial correlation at the
Tx side is in the high region (e.g. ρ > 0.7), as both the
simulated capacity and target capacity will be equally low.
With a limited number of probes in the multi-probe setup, the
test area size is generally limited when the spatial correlation at
the Tx side is in the low region, regardless of the metric used to
determine the test area size. Both spatial correlation based and
capacity based metrics have demonstrated this effect. However,
the capacity simulation accuracy is less sensitive to spatial
correlation simulation error at the Rx with a small target
correlation at the Rx side. Simulation results have shown that
the capacity deviation |C − Ĉ| is less than 0.3 bits/s/Hz up to
1λ wavelength for the Umi channel models, as |ρRx − ρ̂Rx | is
less critical when |ρRx | is small (|ρRx | = 0.3). The simulation
results are further supported by measurements in a practical
multi-probe anechoic chamber setup.
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