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ABSTRACT The multi-probe anechoic chamber (MPAC) based method is a candidate to assess the
performance of multiple input multiple output (MIMO) devices over the air. This paper investigates the
core problem, channel emulation method (CEM), in MPAC setups. The CEM is utilized to map the desired
channel onto the limited number of probes to synthesize the target channel environment within a certain
test area. In addition, the channel in realistic propagation environment is a three-dimensional (3D) channel,
which can achieve higher data transmission rate by containing both azimuth and elevation dimension. Hence,
it is urgent to investigate the CEM for 3D channels in MPAC setups. In this paper, the implementation of a
novel CEM for 3D channels is presented, which allocates the subpaths in a simple way and complements
the drawbacks of prefaded synthesis method and spatial fading emulator. Furthermore, the impact of the
target channel and probe configuration on the emulation accuracy in terms of temporal correlation function
(TCF) and spatial correlation function (SCF) is discussed. Simulation results demonstrate that the emulation
accuracy of TCF depends more on the motion direction ofMIMO devices while that of SCF depends more on
the probes distribution. Moreover, probes number decides the emulation accuracy first. If the same number
of probes are applied, the coincidence of the probe configuration and the target channel determines the
emulation accuracy.

INDEX TERMS Channel emulation method, multi-probe anechoic chamber, spatial correlation, temporal
correlation.

I. INTRODUCTION
In order to meet the need of increasing data transmission rate,
multiple input multiple output (MIMO) technique, which
exploits the characteristic of the multipath channel without
additional bandwidth or transmitting power [1], [2], is widely
utilized in the radio communication system. However, with
the increasing number of antennas adopted inMIMO devices,
it is impossible to measure its performance with a conducted
testing method. Over the air (OTA) testing for MIMO capable
terminals emerges, which can assess the radio performance of
MIMO device easily [3]. The multi-probe anechoic chamber
(MPAC) based method is a candidate, which enables to repro-
duce the arbitrary propagation environment in a controllable
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and repeatable way in lab. The purpose of the MPAC method
is to control the signals emitted from probes to reproduce
propagation environment around the device under test (DUT)
as accurately as possible [4], [5].

For MPAC method, on account of unknown of radiation
pattern of DUT beforehand, it is an essential requirement
to model the channel propagation environment and antennas
separately [6]. The geometry-based stochastic channel mod-
els (GSCMs) are selected as the target channel models since
they enable separation modeling of propagation channels and
antennas at transmitter (Tx) and receiver (Rx) side, such as
SCM, SCME, WINNER and so on [7]–[9]. For GSCMs,
channel propagation environment realizations are generated
with the geometrical principle by summing contributions of
rays represented by amplitude, directions of departure and
arrival and so on. Typically, a certain number of rays compose
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a cluster which has a specific shaped power angular spectrum
according to different propagation environments. The power
angular spectrum is a probability density function obtained
by statistical analysis through plenty of measurements for the
realistic environment [7]. Three-dimensional (3D) channels
can increase data transmission rate remarkably by contain-
ing both elevation and azimuth dimension. On the other
hand, the realistic channel propagation environment is 3D.
Hence, it is urgent to investigate the signals transmission
in 3D channels. In addition, the related research on modeling
3D GSCMs is conducted in some organizations, such as
3rd Generation Partnership Project (3GPP), Nokia, and so
on [10]–[13]. For the reproduced channel within a test area,
it usually covers four domains of the channel, namely polar-
ization, delay, time, and space, to evaluate its accuracy. The
cross polarization power ratios (XPR) in polarization domain
can be reproduced accurately by controlling the proportion
of signals radiated from probes with orthogonal polarization.
The power delay profile (PDP) in delay domain can be gen-
erated accurately by allocating the specific characteristic in
the channel emulator [7]. Therefore, the temporal correlation
function (TCF) in time domain and the spatial correlation
function (SCF) in space domain are often utilized to assess
the accuracy of the reproduced channel.

Channel emulation methods (CEMs) map the target chan-
nel onto the limited number of probes to synthesize the target
channel, which differ in the signals radiated from probes.
For example, each probe transmits a single sinusoid with
a certain amplitude, doppler frequency and random initial
phase for spatial fading emulator (SFE) [14]–[17] while each
probe transmits sumof sinusoids for prefaded signal synthesis
(PFS) [7], [9], [18]. In addition, different CEMs consider dif-
ferent aspects of the channel model as the target. For instance,
plane wave synthesis (PWS) focuses on the synthesis of indi-
vidual subpaths, in which the plane wave from an arbitrary
direction observed within a test area is the target signal to
generate [7]. Whereas, other CEMs emphasize the concept of
cluster such as the PFS and SFE method. However, the SFE
method is more sensitive to the number of probes especially
when even number probes are utilized. The doppler spectra
emitted from probes at different angular locations are the
same for PFS, which is against with the reality [7]. The CEM
proposed in [19] suggests that each probe transmits several
sinusoids according to the probes location and target channel
model, which is called the reference method in the following.
The reference method can derive more accurate emulated
channel than SFE under the same condition and complement
the drawback of PFS. Its implementation for 3D channels is
proposed in this paper. Similarly, in order to compare fairly
with SFE, the number of subpaths equals the probes number.
In this paper, temporal correlation function (TCF) and spatial
correlation function (SCF) are utilized to assess the accuracy
of the reproduced channel. The expressions of TCF and SCF
using the reference method for 3D channels are given and the
factors that affect the emulation accuracy of TCF and SCF are
analyzed. Finally, the impact of the target channel and probe

FIGURE 1. MIMO system block diagram [1].

configuration on emulation accuracy is evaluated in terms of
TCF and SCF in 3D MPAC setups.

The main contributions of this paper are listed in the fol-
lowing aspects:
• The implementation of the reference method for 3D
channels is proposed to extend the 2D channels in [19]
and the hardware requirement is given.

• The expressions of TCF and SCF of the emulated chan-
nel obtained by the reference method are derived and the
analysis of the impact factors on the emulation accuracy
of TCF and SCF is given.

• The emulation accuracy for 3D channels is investigated
in terms of TCF and SCF under different conditions,
such as target channel model, and probe configuration.

The paper is structured as below. In section II, we propose
the implementation of the reference method for 3D chan-
nels, and derive the corresponding channel impulse responses
applied inMPAC setups. In section III, we deduce the general
expressions of TCF and SCF for the target channel and the
emulated channel using the reference method and analyze
the factors influencing the emulation accuracy of TCF and
SCF. In Section IV, we present the emulation accuracy of the
reference method under different conditions and give some
analyses. Section V gives the conclusion of the paper.

II. CHANNEL EMULATION METHOD
Fig. 1 depicts an MIMO system with S antennas at the
Tx side andU antennas at the Rx side. For GSCMs, the mod-
eled propagation channel is only determined by the multi-
path environment expressed by channel transfer function H .
On account of independent modeling of each cluster and
polarization [6], only single cluster channel model and ver-
tical polarization are considered for the sake of simplicity.
The expression of the channel transfer function is written
as [11], [20]

Hu,s (t, f ) =
M∑
m=1

√
PmFtx,sFrx,u exp

(
j2π/λ

(
rTtx,m · dtx,s

))
· exp

(
j2π/λ

(
rTrx,m · drx,u

))
× exp (j2πϑmt + j8m) exp (−j2π f τ0) (1)

where M is the number of subpaths. Pm is the power of the
mth subpath in the cluster. 8m is the random initial phase of
themth subpath, which follows a uniform distribution among
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[−π , π ]. ϑm is the doppler spectrum of the mth subpath.
drx,u and dtx,s are location vectors of the uth Rx and the sth
Tx, respectively. λ is the wavelength of the carrier frequency.
rtx,m and rrx,m are unit vectors for the departure angle and
arrival angle of the mth subpath, respectively. f is the carrier
frequency. τ0 is the delay. Ftx,s and Frx,u denote antenna
patterns of the sth Tx and the uth Rx, respectively. The
pattern is often assumed as omnidirectional for the Rx since
its antenna pattern is typically not known beforehand [6].

The accuracy of the reproduced channel model at Rx side is
investigated in this paper. Therefore, the characteristic at Tx
side is fixed and expressed as a complex constant cs,m, shown
in (2). The reverse is also appropriate, only with the different
channel model and antenna array.

cs,m =
√
PmFtx,s exp

(
j2π/λ

(
rTtx,m · dtx,s

))
exp (−j2π f τ0)

(2)

Substituting (2) into (1), the received signal of the uth Rx
is expressed as

Hu,s (t) =
M∑
m=1

Frx,u exp
(
j2π/λ

(
rTrx,m · drx,u

))
× exp (j2πϑmt + j8m) cs,m (3)

The purpose of the MPAC method is to reconstruct prop-
agation channel Ĥ imitating H with the limited number of
probes in MPAC setups. The signal received by the uth Rx
within a test area for the CEM is written as [6]

Ĥu,s (t) =
K∑
k=1

Ĥk,s (t) · αk,uFrx,u exp
(
j2π/λ

(
rTk · drx,u

))
(4)

where Ĥk,s (t) is the signal radiated from the kth probe,
which is diverse for different CEMs. rk is the unit vector
for the location of the kth probe, expressed as [cosθkcosϕk ,
cosθksinϕk , sinθk ] for 3D probe configuration. dk,u is the
distance between the kth probe and the uth Rx. αk,u denotes
propagation coefficient from the kth probe to the uth Rx,
which is expressed as [6]

αk,u = L
(
dk,u

)
× exp

(
j2π/λdk,u

)
(5)

where L(dk,u) is the path loss from the kth probe to the uth
Rx, which is the same value for all sampling points within
a test area when the radius of the probe ring is sufficiently
large.

The hardware requirement for the reference method is
depicted in Fig. 2. From Fig. 2, we can see that each probe
connects with power divider, phase shifters, and attenuators,
but not with base station emulator and channel emulator.
Hence, the signals radiated from probes do not contain the
characteristic of Tx side and temporal characteristic.

The angular locations of probes of 3D probe configura-
tion in the upper figure are detailed in Table 1. Probes are
distributed on the spherical surface with different elevation

FIGURE 2. The diagram of the 3D MPAC setup for the reference
method [3]. A 2D MPAC setup is only with the middle ring. The MPAC
system consists of a signal generator, power divider, digital/analog
converter (DAC), several phase shifters and attenuators, computer,
multiple probe antennas located around DUT, and an anechoic chamber.

TABLE 1. Probe angular location details of setup A.

angles. Probes on the same elevation angle constitute a probe
ring, on which probes uniformly distribute.

Compared with PFS and SFE to synthesize channels from
the perspective of clusters, each probe transmits several sub-
paths according to channel models and angular locations of
probes in the reference method. The signal radiated from the
kth probe is calculated as

ĤREF
k (t) =

Q∑
q=1

√
gk,q exp

(
j2π

(
ϑk +1fk,q

)
t + j8k,q

)
(6)

where gk,q, 1fk,q and 8k,q denote the amplitude, frequency
offset component and random initial phase, respectively, for
the qth subpath allocated to the kth probe. ϑk is the doppler
spectrum of the kth probe. Q is the number of subaths allo-
cated to the kth probe. The total number of subpaths emitted
from probes in the reference method equals the number of
probes.

Taking the truncated Laplacian distribution for instance
with 0◦ mean Azimuth angle Of Arrival (MAOA) and
35◦ Azimuth angle Spread of Arrival (ASA) for Power
Azimuth Spectrum (PAS) and with 0◦ mean Zenith angle Of
Arrival (MZOA) and 5◦ Zenith angle Spread of Arrival (ZSA)
for power elevation spectrum (PES), the implementation of
the reference method for 3D channels is depicted in Fig. 3.

For 3D implementation of the reference method, the ele-
vation angle of the subpaths is determined by the elevation
angle of probe rings to correspond to the SFE method. The
implementation of subpaths on each probe ring is the same
as that of 2D channels. That is, the subpaths on each probe
ring are derived by a mixture of uniform power sampling
method and uniform angular sampling method. In addition,
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FIGURE 3. Implementation of the reference method for 3D channels. 8
axis and θ axis represent AOA and ZOA of the subpath, respectively. Power
axis indicates the power value of the subpath for the reference method.

the subpaths number on each probe ring equals the probes
number on the corresponding probe ring. Finally the subpaths
are allocated onto the nearest probe to synthesize the channel.

The process of deriving the specific angle and power value
of the subpath is presented in the following:

The elevation angles and PES of subpaths are calculated as
θmi = θ

k
i

pe
(
θmi
)
=

√
2

2σθ
exp

(
−
√
2

∣∣θmi − θ̄ ∣∣
σθ

)
(7)

where θmi and θ
k
i denote the ith elevation angle in subpaths

allocation and probe configuration, respectively. Pe is the
power value in elevation dimension. θ̄ is MZOA and σθ is
ZSA. Then we calculate the azimuth angle of the subpaths
through the mixture of uniform angular sampling method
and uniform power sampling method. For the uniform angu-
lar sampling method and uniform power sampling method,
the initial number of subpaths on each probe rings is twice the
number of probes on the same elevation angles. The azimuth
angles and PAS of the subpaths for these two methods are
calculated as

φ1mi,j = −180
o
+ (j− 1)×

360o

2J

p1
(
φmi,j

)
=

√
2

2σφ
exp

−√2
∣∣∣φmi,j − φ∣∣∣
σφ

 (8)


φ2mi,j =


−
σφ
√
2
In(

√
2σφ
2J

)+ φ, φmi,j > φ

σφ
√
2
In(

√
2σφ
2J

)+ φ, φmi,j < φ

p2
(
φmi,j

)
=

1
2J

(9)

where φ1mi,j and φ2
m
i,j denote the azimuth angle of the jth

subpath on the ith probe ring for uniform angular sampling
method and uniform power sampling method, respectively.
p1 and p2 denote the power value in azimuth dimension
for uniform angular sampling method and uniform power
sampling method, respectively. φ̄ is MAOA and σφ is ASA.
J is the number of subpaths on each probe ring, which differs
for different probes rings, such as 4, 8, 4 subpaths for probe
ring 1, 2, and 3 in setup A, respectively. Then we choose part
of subpaths to form the new collection representing channel
environment. The selection method is

If p1
(
φmi,j

)
> 1/(2J ),

{
φmi,j = φ1

m
i,j

pa
(
φmi,j

)
= p1

(
φmi,j

)
else

{
φmi,j = φ2

m
i,j

pa
(
φmi,j

)
= p2

(
φmi,j

)
where φmi,j denotes the azimuth angle of the jth subpath on
the ith probe ring. pa is the corresponding power in azimuth
dimension. If the number of the subpaths in the new col-
lection is larger than the number of probes, the subpaths at
the large offset angle from MAOA will be removed. If the
number of subpaths in the new collection is less than the
number of probes, the subpaths derived by uniform power
sampling method near MAOA is added to the collection.
Finally, we derive the ultimate collection, in which the num-
ber of subpaths equals the number of probes. And the power
value of the subpath is the product of Pe and Pa.

III. FIGURE OF MERIT
The emulation accuracies of TCF and SCF for the emulated
channel are selected as the criteria to reflect the accuracy of
the emulated channel imitating the target channel in MPAC
setups. Because PDP and XPR can be reconstructed accu-
rately by setting appropriate power and polarization for each
cluster and polarization dimension, they are omitted in this
paper.

A. TEMPORAL CORRELATION FUNCTION
TCF can be used as the criterion to evaluate how well the
temporal characteristic of the emulated channel approximates
that of the target one. It reflects the similarity of the received
signals by the Rx antenna at different times. According to the
definition of the correlation, the expression of TCF is written
as

ρτ =
1
βτ

E
{
Hu (t + τ)Hu (t)∗

}
(10)

where βτ is the normalization factor to force ρτ = 1 when
τ = 0. Substituting (1) into (10), the expression of TCF for
the target channel is written as

ρtarτ =
1
β tarτ

M∑
m=1

Pm exp (j2πϑmτ) (11)

Similarly, the emulated TCF for the reference method can
be deduced by the corresponding expression, which is written
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as

ρ̂REFτ =
1

β̂REFτ

K∑
k=1

Q∑
q=1

gk,q exp
(
j2π

(
ϑk +1fk,q

)
τ
)

(12)

where β tarτ , β̂REFτ are the normalization factors for the target
TCF and the emulated TCF obtained by the referencemethod,
respectively.

From the expressions of TCF, it can be inferred that the
target TCF is determined by the target channel and the veloc-
ity of DUT, while the emulated TCF is also determined by
probe configuration and probe weights. The absolute value of
the deviation between the target TCF and the emulated TCF
is selected as the criterion to evaluate emulation accuracy of
the emulated TCF, which is calculated as

∣∣∣∣ρtarτ ∣∣− ∣∣ρ̂REFτ

∣∣∣∣.
Hence, the performance of the emulated TCF depends on
the velocity of DUT, probe configuration, and probe weights
which are determined by probe configuration and target
channel.

B. SPATIAL CORRELATION FUNCTION
SCF is an appropriate criterion of the spatial dimension,
which is the similarity of the received signals by different Rx
antennas within a test area. The expression of SCF is written
as [9]

ρu1,u2 =
1
β0
E
{
Hu1 (t)Hu2 (t)

∗
}

(13)

where β0 is the normalization factor to force ρu1,u2 = 1 when
u1 = u2. Substituting (1) into (13), the expression of the SCF
for the target channel can be written as

ρtaru1,u2 =
1
β tar0

M∑
m=1

Pm exp
(
j2π/λrTrx,m ·

(
drx,u1 − drx,u2

))
(14)

The expressions of SCF for the emulated channel by the
reference method can be written as

ρ̂REFu1,u2 =
1

β̂REF0

K∑
k=1

exp
(
j2π/λrTk ·

(
drx,u1 − drx,u2

))

·

Q∑
q=1

gk,q (15)

where β tar0 , β̂REF0 are the normalization factors for the target
SCF and the emulated SCF obtained by the reference method,
respectively.

From the expressions of SCF, we can infer that the target
SCF is determined by the target channel and the location of
Rx antennas pair, while the emulated SCF is also determined
by the probe configuration and probe weights. The root mean
square (rms) of the deviation between the emulated SCF and
the target SCF is selected to evaluate the emulation accuracy

in spatial dimension, which is calculated as

σrms =

√√√√√ 1
SP

SP∑
sp=1

∣∣ρtaru1,u2 − ρ̂REFu1,u2

∣∣2 (16)

where SP is the number of Rx antennas pair to sample the test
area. Hence, the performance of the emulated SCF depends
on the probe configuration, the location of Rx antennas pair,
and probe weights which are determined by target channel
and probe configuration.

IV. SIMULATION ANALYSIS
The results of howwell the emulated channel matches the tar-
get channel in terms of TCF and SCF at Rx side are presented
for 3D channels in this section. Moreover, the DUT motion
direction is 0◦ in azimuth dimension and 0◦ in elevation
dimension. Rx antennas pairs are sampled on 3D spherical
surface. In this section, the impact of target channel, and
probe configuration on the emulation accuracy is investi-
gated.

A. IMPACT OF TARGET CHANNEL ON
EMULATION ACCURACY
In this section, we emulate different 3D spherical power
spectra (SPS), which can be decomposed into PAS and PES,
in 3D MPAC setups. PAS and PES are utilized to describe
the channel environment in azimuth and elevation dimension,
respectively. In this paper, the truncated Laplacian distri-
butions with different arrival angles and angle spreads are
selected as the target SPS.

1) IMPACT OF MAOA AND ASA AT 0◦ ZSA AND 0◦ MZOA
When ZSA and MZOA are both set as 0◦, the impact of
MAOA and ASA on the emulation accuracy is presented
in Fig. 4. It approximates a two-dimensional (2D) channel.

From Fig. 4, we can observe that the emulation accuracy is
relative with MAOA especially when ASA is small. For the
simulation results of TCF, when the target channel impinges
from the direction of DUT motion direction or in the same
line, the emulation accuracy gets the best results while it gets
poor results for MAOA perpendicular to DUT motion direc-
tion, such as±90◦ MAOA. However, the emulation accuracy
of SCF presents different results. When MAOA is between
two probes, it presents the worst results. Furthermore, when
ASA is large, the target channel approaches a uniform distri-
bution in horizontal plane. Hence, the emulation accuracy is
irrelative with the MAOA at this case.

2) IMPACT OF MZOA AND ZSA AT 0◦ ASA AND 0◦ MAOA
The impact of MZOA and ZSA at 0◦ ASA and 0◦ MAOA on
the emulation accuracy of TCF and SCF is depicted in Fig. 5.

The deviation increases when the absolute value of MZOA
increases. Compared to MZOA, ZSA less affects the emula-
tion accuracy. In addition, the difference between the emu-
lation accuracy of TCF and SCF occurs at small ZSAs.
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FIGURE 4. Effect of MAOA and ASA on the emulation accuracy of TCF and
SCF.

When ZSA is small, the emulation accuracy of TCF is not
affected by theMZOA and it presents better results. Whereas,
the emulation accuracy of SCF is affected by MZOA and it
presents worse results at large aboslute value of MZOA. The
opposite results for the simulation results of TCF and SCF
can be explained by the following two reasons. For TCF,
the selection of DUT motion direction, the normalization
of SPS and elevation angle distribution of probes together
cause the result that the emulated TCF almost equals the
target TCF when ZSA is small. That is the absolute value
of the TCF is close to 1 for the above two situations. Hence,
the emulation accuracy of TCF performs better at small ZSA.
However, for the simulation of SCF, no probe locates at two
poles, which causes inaccurate results for larger MZOA at
small ZSA. Furthermore, with the increase of ZSA, the emu-
lation accuracy is improved for the simulation results of
SCF. That is, compared to small ZSA, the same deviation
value occurs at larger absoulte value of MZOA when ZSA is
large.

FIGURE 5. Effect of ZSA and MZOA on the emulation accuracy of TCF and
SCF.

3) IMPACT OF MZOA AND MAOA AT 35◦ ASA AND 5◦ ZSA
The impact of MZOA and MAOA at 35◦ ASA and 5◦ ZSA
on the emulation accuracy of TCF and SCF is demonstrated
in Fig. 6.

For the simulation of TCF, we can derive that when
the absolute value of MZOA is small, the emulation accu-
racy performs worst when MAOA is perpendicular to DUT
motion direction, which is in accord with the results in
Section IV-A-1). When MZOA is around ±90◦, which is
also perpendicular to DUT motion direction, the maximum
appears at otherMAOAs rather than±90◦. For the simulation
of SCF, the effect of MAOA on the emulation accuracy of
SCF weakens. The emulation accuracy deteriorates at 0◦,
±90◦ and ±180◦ MAOA when the absolute value of MZOA
is large. In addition, the deviation between the target SCF and
the emulated SCF increases with increasing MZOA. That is
because no probe locates at two poles.

4) IMPACT OF ZSA AND ASA AT 0◦ MAOA AND 0◦ MZOA
The impact of ZSA and ASA at 0◦ MAOA and 0◦ MZOA
on the emulation accuracy of TCF and SCF is demonstrated
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FIGURE 6. Effect of MZOA and MAOA on the emulation accuracy of TCF
and SCF.

in Fig. 7. From Fig. 7, we can observe that the deviation
increases with increasing ZSA and ASA. That is because
the target channel approaches a uniform distribution with
increasing ASA and ZSA but only limited number of probes
are utilized to synthesize the target continuous channel.
Furthermore, the variation tendency is more obvious with
varying ZSA.

B. IMPACT OF PROBE CONFIGURATION ON
EMULATION ACCURACY
In this section, we discuss the effect of probe configuration
on the emulation accuracy in 3D MPAC setups.

1) IMPACT OF ELEVATION ANGLE OF PROBE RING
The diagram of the 3D probe configuration utilized in this
section is shown in Fig. 8. The angular location of probes
and probes number are detailed in Table 2. According to the
elevation angle of probe configuration, MZOA of the target
channel is specified as 0◦, 15◦ and 30◦. Besides, MAOA,
ASA, and ZSA are set as 0◦, 35◦, and 15◦, respectively.

FIGURE 7. Effect of ZSA and ASA on the emulation accuracy of TCF and
SCF.

FIGURE 8. 3D probe configuration (a) setup B (b) setup C.

Fig. 9 plots the simulation results of TCF and SCF when
probe configurations with different probes distributions in
elevation dimension are utilized in 3D MPAC setups. From
Fig. 9, we can observe that setup C presents the best results
in general situations, which is benefited from the richness
of its probes location. Furthermore, we can see that when
MZOA is 0◦, setup B presents the worst result while setup
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TABLE 2. Probe angular location details of setups B and C.

FIGURE 9. Effect of probe configuration on the emulation accuracy of TCF
and SCF.

A presents the worst results when MZOA is 15◦ and 30◦.
For the simulation of TCF, Fig. 9(a) presents that setup B
and setup C get the same results when MZOA is 30◦. At the
same time, the emulation accuracy of setup A when MZOA
is 0◦ is roughly the same as that of setup B when MZOA
is 15◦. That is because the same probe configuration is set
at the corresponding elevation angle. From Fig. 9(b), we can
observe that the simulation result of SCF is roughly the same
as that of TCF. The difference between the simulation results

FIGURE 10. 3D probe configuration (a) setup D (b) setup E.

TABLE 3. Probe angular location details of setups D and E.

of TCF and SCF lies in the following two points: 1) for SCF,
the emulation accuracy of setup A whenMZOA is 15◦ equals
that of setup B when MZOA is 0◦. Whereas, for TCF, the
emulation accuracy of setup A when MZOA is 0◦ equals
that of setup B when MZOA is 15◦; 2) when MZOA is 30◦,
setup B performs better than 0◦ MZOA for SCF. Hence,
probes number determines the emulation accuracy at first.
The emulation accuracy depends on the relationship between
the target channel and probe configuration when the same
number of probes are utilized.

2) IMPACT OF AZIMUTH ANGLE OF PROBE RING
By rotating the azimuth angle of each probe ring, we derive
the 3D probe configuration utilized in this section shown
in Fig. 10. The angular locations of probes and probes number
are detailed in Table 3. According to the azimuth angle of
probe configuration, MAOA of the target channel is specified
as 0◦, 22.5◦ and 45◦. Also, MZOA, ASA, and ZSA are set as
0◦, 5◦, and 15◦, respectively.

Fig. 11 presents the impact of probe configuration with
different azimuth angles on the emulation accuracy. For the
simulation of TCF, the emulation accuracy is diverse for
varying MAOA. That is because with the increase of MAOA,
the angle between the motion direction andMAOA increases.
Hence, deviation increases until MAOA is perpendicular to
the motion direction. Whereas, the emulation accuracy is
irrelative with the probe configuration with different azimuth
angles. For the simulation of SCF, from Fig. 11(b), we can
observe that setup A performs best when MAOA is 0◦, and it
performs worst when MAOA is 22.5◦. For setup D, the best
result occurs at 22.5◦ MAOA due to a probe on probe ring 1
locating at this azimuth angle. For setup E, when MAOA
is 22.5◦, the emulation accuracy gets the worst result and
the same emulation accuracy occurs at 0◦ and 45◦ MAOA.
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FIGURE 11. Effect of probe configuration on the emulation accuracy of
TCF and SCF.

By comparing the three cases in which one probe locates
at the same azimuth angle, setup D when MAOA is 22.5◦

performs better than setup A when MAOA is 45◦. At the
same time, it performs worse than setup AwhenMAOA is 0◦.
By comparing the two cases in which two probes locate at the
same azimuth angle, when MAOA is 0◦, setup E performs
better than setup D. Setup A when MAOA is 0◦ gets the best
result due to three probes locating at the same azimuth angle.

V. CONCLUSION
In this paper, we propose the implementation of the reference
method to emulate 3D channels. Then we investigate the
impact of the target channel and probe configuration on the
emulation accuracy in terms of TCF and SCF under different
conditions.

The investigation on the target channel is divided into four
parts, namelyMAOA andASA,MZOA and ZSA,MZOA and
MAOA, plus ZSA and ASA. When MAOA is perpendicular
to DUTmotion direction, the emulation accuracy of TCF gets
the worst results. However, the emulation accuracy of SCF
is determined by the probe configuration. That is, when the

target channel impinges from the direction between two
probes, the emulation accuracy gets the worst results. Com-
pared to ZSA, the emulation accuracy is more effected by
MZOA. With the increase of ZSA and ASA, the deviation
decreases especially for ZSA.

The research on the probe configuration is divided into two
aspects, namely elevation angle and azimuth angle of probes.
The emulation accuracy is determined by probes number first.
When the same number of probes are utilized to synthesize
the channel, probe configuration which coincides with the
target channel obtains more precise results.
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