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Reproduction of Arbitrary Multipath
Environments in Laboratory Conditions

Juh: T. Toivaner, Tommi A. Laitiner, Veli-Matti Kolmonen,andPertti Vainikaine, Member, |IEEI

Abstract— We discuss the synthesis of arbitrary multipath
environments in a spherical volume of space (tesbae), with a
limited number of feed antennas (probes). The prolsecan be of
any type, e.g., simple dipoles. The required numbenf probes is
proportional to the area of the sphere enclosing #test zone. The
signal received by a two-port mobile terminal antena model
placed in the test zone is examined through simulans, using
measured real-world propagation channel data. We sdy how
the received signal and the channel capacity are fatted by
truncation errors and a certain noise level in the probe
excitations. This kind of synthesis enables the t#sg of mobile
terminals under realistic operating conditions in hboratory
environments. The synthesis is not limited to fariéld scenarios,
but near-field effects can be generated, as well.

Index Terms—Multipath radio
synthesis, MIMO, OTA testing.

environment, channel,

I. INTRODUCTION

HE radio channel environment is a crucial factor
determining the link performance of a mobile terahirt
varies significantly according to different sigraiopagation
scenarios, such as urban, rural or indoor. For elanin

potential for capacity increase provided by mudigignal
propagation paths, makes this kind of testing la#f tore
important. The problem is that field testing of nieb
terminals is very time-consuming and expensive uirety
mobile test platforms and field personnel that qenf the
measurements.

To overcome this problem, various techniques hasenb
proposed. One approach is to use measured radimehdata
together with the radiation pattern of the mobiéntinal
antenna to computationally determine the resporfs¢he
antenna under the measured conditions [3]. Anatiethod is
to try to create an electromagnetic environmenh siatistical
properties similar to those of a certain propagatio
environment [4].

More accurate reproduction of a multipath environtrean
be achieved with the use of multiple probes surdmm the
device under test (DUT) [5]-[7]. By individually otrolling
the signals radiated by each probe, e.g., by uairfgding
emulator, more control over the radio channel patars is
imbtained [7]. However, although a related problems been
studied in acoustics [8] [9], the problem of cregtitruly
arbitrary three-dimensional radio channel environtaavith a
limited number of probes has not been addressed. i§tan

urban surroundings the number of multipath comptmenimportant question because currently there is afdhterest

arriving from different angles to the mobile ter@liis usually
high compared to rural environments due to sigefiections
from the buildings. Moreover, the radio channelissnment
seen by a mobile terminal is dynamic, not only beeathe

in the development and standardization of overaingOTA)
test methods for MIMO systems [1].

In this paper, we discuss the synthesis of @ewignetic
field environments from a spherical wave theorynpadf

surroundings are changing, but also because theilenolview. This approach has several benefits. Firsthéngeneral

terminal might be moving. This movement along witte
multipath components results in signal fading, \Wwhis an
important detrimental phenomenon in wireless comoation
links.

In the product development of mobile terminals,ist
naturally of interest to test the mobile terminatfprmance in
realistic operating environments [1], [2]. The adivef MIMO
(Multiple-Input Multiple-Output) systems, which drf the
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case, the spherical wave theory provides the mifisieat
representation of electromagnetic fields, requi@nginimum
number of terms in the expansion considering thausaof the
spherical region of interest. This is importanthie synthesis
because it translates to a minimum requirementh@number
of probes with a test zone of a given size. Secplaghe waves
of arbitrary direction of arrival and polarizatiocan be
synthesized in the test zone, even with a small basnof
probes. It does not matter what the exact locatiohshe
probes are, but uniform distribution over spherimaitface is
preferred. Third, since the spherical waves areompete
solution to Maxwell’'s equations, both near-fielddafar-field
effects can be generated in the same way. Thigneftwial
because also the near-field effects can be imppitasome
applications (e.g. electromagnetic compatibilitstiteg).

We do not address the question of RF electromgsired



IM-09-2691

for the synthesis, but instead concentrate on #ievant
aspects of the associated electromagnetic the@synasng
harmonic time dependence. We note, however,
instrumentation exists that can produce appropr&geals
with radio channel effects over time and frequefigy.

We study through simulations the effect of trurmaterrors
and noise in the synthesis, using the receivedakisinength
and the channel capacity as the figures of meré.show that
an accurate reproduction of measured (or
propagation environments is possible with a reddyivsmall
number of probes and present relations betweemdberacy

fields in a limited, source-free region of spacehibit an
effective finite dimensionality [13], [14]. In othevords, there

thah suare intrinsic limits in the degrees of freedom aotls fields.

This makes it possible to truncate the expansigrs@lthatn
goes from 1 tdN, without causing large errors in the result.
In [14] normalized error bounds are derived for @tipath
field representation as a function of the truncatimmberN.
It is shown that in a spherical region, the reqlinember of

statisticderms in the expansion is proportional to the aoéahe

sphere. This principle is known also from antenna
measurement theory [12]. A simple relation that lbamused to

of the test parameters and the number of probegseTh estimate the required truncation numbkbased on the radius

relations have been studied in detail earlier innetion with
traditional antenna measurements and
parameters, but not for MIMO OTA test parametershsas
channel capacity [11]. The optimal nhumber of thebes is
determined by the required test zone size and byd#sired
accuracy. The results also show that increasingtimeber of
probes beyond a certain point results in no improxs and
is, therefore, useless.

Synthesis of propagation environments in Iaborator)‘) 2N(N+2).

conditions enables the field tests of mobile teatsnto be
carried out in the laboratory. This makes the ngstasier and
allows significant time and cost savings compared
traditional field tests. Moreover, the test scemairepeatable,
which makes it possible to test different designsden
identical conditions, thus enabling a fair compamiof their
performance.

Let us consider a spherical, source-free regiorspzce.
Assuming a time dependenceedf', an arbitrary electric field
distribution in this region can be expressed imtenf the
spherical basis functions as [12]

K TS S QUEN(r6,9),

s=1 rF1m=-n

THEORETICAL BACKGROUND

(@)

E(r,0,¢)= T

whereE is the vectorial electric fleld,:sfn)n

vector wave functions, with the superscript 1 iatiitg that

are the spherical

both incoming and outgoing waves are pre@éﬂf;nare the

coefficients of the spherical waves;, m, and n are the

spherical mode indices; ¢, and ¢ determine the location in
spherical coordinateg;is the wave number; angdis the wave
admittance. In the general case, this expansiorahasfinite

number of terms (inder goes from 1 to infinity). However,
when the spherical region is limited in size, tkpansion can
be appropriately truncated. This can be done becahs

radial dependence of the spherical Bessel functisnsuch

that higher spherical modes tend rapidly to zerarnthe

origin. The number of effective terms in the expanshen

determines the “dimensionality” of the field distition.

A. Dimensionality of Multipath Fields
It has been shown that both fixed and random mathip

of the sphererg) is

measurement

N =[kr, |, @
where His the integer ceiling operator. The number of term
Jin(1)is

(©)

We can then ask the question how to createJtspherical
tmodes in a laboratory environment with a limitednter of
probes.

B. Spherical Mode Synthesis

In this section, we will present and discuss twifedent
techniques to synthesize the desired spherical sniodbe test
zone. Either way, it is necessary to determine spieerical
modes produced by the probes in the test zone icabed
system.

The first technique is based on a free-space agtmpe.,
the signal reflections in the measurement chamber a
assumed negligible). Furthermore, it requires keolge of
the probe locations and radiation characterisfi¢te second
technique is based on the measurement of the dest felds
produced by the probes and incorporates the effiesignal
reflections in the measurement chamber.

1) Technigue based on free-space assumption

Assume P probes are placed on a spherical surface,
radiating towards the test zone. An example of sach
configuration is shown in Fig. 1. In the generadesait is not
necessary for the probes to be identical. The tiadia
characteristics of the probes must be known, aadjaen by

the spherical transmission coefficie’rh’g%v. Here, the indices

o, 4, andv are used for the spherical modes instead, of,
andn to distinguish the probe coordinate system fromterst
zone coordinate system, apé {1...P} denotes the probe.

In the test zone coordinate system, the originléeqa in
the center of the test zone. The location of eachein this
fixed coordinate system is given by the Euler andgl 6, y)
and the distance from the origir).(The possible effect of the
probe near field in the test zone need not be densi

separately, because it is included in ﬂ'),%,, .
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With a series of coordinate system rotations and_ OF 1)
translations, the radiated signal of a probe latatef, ¢, 6, y) E(r,6,4)= ZQ (r.6.9). )
can be expressed in the test zone coordinate syst¢h?] \f i

! ) where the single-indexj)( convention has been adopted to
® i _gk M E® : S A
(ZV.DTUZVCW ( kr)e ”Xd;u( 9)9 " Famn’ “ replace the spherical mode indicesm,and n in order to
 au simplify the following expressions [12]. Our goal how to
. . . ~av(3) . match the test zone field produced by the probe&)oWe
wherey, is the probe input S|gnaICSm are the spherical- obtain the following matrix equation.
wave translation coefficients with the superscriptiex 3
signifying that translation distance is larger thifwe probe 1 2 P
gygh dd” hgh IT SRR @
minimum sphere [12]; an are the spherical-wave 1 2 p .
P (12] my P PL P2 PV,

rotation coefficients [12]. Defining the probe ci&énts as
(note that this is different from the definition[it2]!) ’ ’ ) ’ .
PL P2 . PP Ve] [

_ _ , ®
[ P cov@® (= i qn (= -img
P2.= > Tr,CoO(-kr)e™™d) (-0
Y (5) i.e., Pv =q. Here, matrixP contains the probe coefficients,
determined by the probe radiation characteristiod probe
expansion (4) can be written as locations. The rows of the matrix correspond tofedént

spherical modes whereas the columns correspondfévetht
_ EO probes. Vectov contains the probe excitations and veaor
Ep = IZVp smFsmn the spherical-mode coefficients of the desired teste field.
smn . (6) The required probe excitations can be solved byMbere-
Penrose pseudoinverse [15]
Each probe coefficient, therefore, determines hogbep,

located ati, ¢, 6, x) contributes to the corresponding s hencal -1

(l)l( 9,0, ponding sp =P'q :(p“p) P"q. ©)
modermnln the test zone coordinate system. With a Iarge
number of probes, the relative probe weighgscan be The conditioning of the problem depends onRheatrix,
adjusted to produce a desired field in the tesezon which is constant, once the probe locations andacheristics

have been fixed. The problem can thus be made well-
conditioned by a proper selection of the probe igométion.

A uniform configuration over a sphere is likely psoduce
good results. For exact reproduction of the mottespumber

of probes must be larger than or equal to the numibeodes.
The relation between the number of excitations ainel
number of modes is discussed in more detail in [9].

This technique does not incorporate the effect ighad
reflections in the measurement chamber, becausg tbel
direct probe signals are considered in calculatiegtest zone
fields. The reflections may be a significant erswurce,
especially if the number of probes in the chamlsefarge
since the probes also act as reflectors.

2) Technique based on test zone field measurement
It is possible to include the effect of the sigreflections in
, { | ) the synthesis. For this, we must perform a calibnat
Fig. 1. lllustration of a probe cnfiguratioh foadio channel environment measurement, namely the test zone field (TZF) measent.
synthesis. The device under test is placed in fdellmin the center of the test The TZF measurement requires an additional, known
zone. calibration antenna (the TZF probe), which is mdain the
atest zone in order to determine the fields entetfiregtest zone.
This technique has the additional advantage thatpmaor
knowledge of the probe characteristics or locatismequired.
The TZF measurement has been discussed in detall
elsewhere [16] and will not be repeated here. Hewethe
idea is that the spherical-wave coefficients of thF

Based on the discussion in the previous sectioty,
multipath field in a limited volume can be exprességth an
appropriately truncated expansion. Let this expanbie
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produced by each probe are determined through merasuat
instead of calculation. We shall denote these mefits asZ;

times per traveled wavelength, the direction-ofatape

(DoD), direction-of-arrival (DoA), delay, and corepl path

to distinguish them from the coefficients of thesided weight parameters of the propagating waves wereukzed
multipath field Q. Therefore, also the effect of signalusing the SAGE algorithm [18].

reflections is contained in thg, which replace the probe
coefficientsP, in (8) so that we get

1 2 P

zll z12 z1P v] To

ZZ ZZ ZZ V2 - : , (10)
zb oz2 Lz Vel [

i.e., Zv = . The required probe excitations are then agai

solved by matrix inversion
v=2'q=(z2"z)"z"q

This technique can be applied even in environmevitich
have a high reflectivity level. It should be notéalpugh, that
multiple reflections between the antenna under (#&(T) or
the TZF probe and the surroundings are not accduoteand
will produce some errors if their level is high.

In this section, we investigate the aforementiosguathesis
techniques through simulations. The effects of
measurement noise and the truncation of the spitariode
series are studied. The simulations are based @
propagation data, obtained from measurements iéignki
city center. These measurements are describeddtioBeA.
Section B then presents the simulation procedure.

SIMULATIONS

A. Propagation Environment
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Fig. 2. Map of the measurement environment showliegtransmitter (dot)
and the moving receiver (arrow).

B. Simulation Procedure
In the simulation we study the signal received ltwa-port
(i.e. has two radiating elements) mobile terminateana

model placed in the test zone. An antenna modeh wit
isotropic, vertically-polarized radiation pattem used as the

thifansmitter. We begin by converting the plane-wave

propagation model of the previous section into hesigal-

rwave model, using the expansion in [10, A1.6]. Tikislone

for each snapshot (moment of time) as the receaiveves
along a predetermined route. The spherical waveeiiben
contains the angles-of-arrival, complex amplitudes)d
polarizations of all signal paths in the propagatimodel,
given in the form of (7).

The measurements of the propagation environmene wer We need to first establish as a reference the sigeal

conducted using a 5.3 GHz channel sounder [1Heéncenter
of Helsinki, where the average building height i8 Storeys.
The transmitter was elevated to approximately 18bwve the
street, still being clearly below rooftop leveldathe receiver
was moved along the streets at 1.6 m above thetsffae
measurement environment includes line-of-sight raomtline-
of-sight conditions and the measurement routdustiated in
Fig. 2.

The measurement system uses a pseudo-noise sequefgg. =

with a chip frequency of 60 MHz and a code lengti285
samples. In the measurements, a dual-polarizeéptad and
a semi-spherical antenna structure were used itrahemitter

(TX) and receiver (RX), respectively. The measuneme

system uses a switched-array measurement princigiere

all the channel combinations between TX and RX eles

are measured consecutively. The serial-form meawmne
data is measured in 8.8 ms, during which the cHame
assumed to be time-invariant. In the post-procgstiis data
is parallelized as a 32x32 MIMO channel matrix.

received by the AUT in the propagation environmeémt
question. For this, we use a truncation numberchvis very
large considering the AUT size, and assume thecétion
error to be negligible. We can, therefore, calailas our
reference case the signalreceived by the AUT in the true
propagation environment as [12, p.68]

I RQp
273 , (10)

where Qj(l) are the coefficients of the propagation modrl,

are the (known) receiving coefficients of the AUandJ =
240, which corresponds t¢= 10 according to (3). The radius
of the AUT minimum sphere is approximately Q.35or
which (2) suggesthl = 3.

The number of spherical modes that can be synéx$and
therefore, the truncation level) depends on the bermof

From each 32x32 MIMO channel matrix, measured 4-Brobes available for the synthesis. It is importanhote that
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the truncation error in the synthesis does notlrésam the
non-existence of high-order modes in the test zboerather
from erroneous high-order modes. The probe exoitatiwill
reproduce the low-order modes accurately, but ditmah they
will also produce high-order modes that cannot dtrolled.
The AUT will receive also these high-order modes &ms
results in the truncation error.

The simulation begins by the calculation of the bgro
coefficients (5) according to the probe configumati The
probes in the simulation are dipoles and they aranged
uniformly on a spherical surface surrounding thst tzone.
Half of the probes aré-polarized and halp-polarized. The
matrix equation (8) is constructed and solved fog probe
weightsv, using (9). We can then use the equations

:E:\/ PP

(1)

] synth (11)

and

®
j,synth

ZRQ

synth
(12)

to calculate the signal received by the AUT in test zone.
By comparison ofv,e andwsy,, with different values folP
(the number of probes), we can investigate thecefbé the
truncation error.

We are also interested in the effect of measuremaise on
the result. We will study this for the techniqueséd on free-
space assumption (Sec. 11.B.1). Similar conclusitmsvever,
hold for the technique based on TZF measuremestinasg
the errors in the TZF measurement are not domiramtthis,
we introduce noise to the probe weights in (11jhsox =v +
n, wheren is a (Gaussian) noise vector of the same size as
Then, the spherical mode coefficients of the sysittesl test
zone field produced by the noisy probe excitationsare
calculated as

1 synth Z X

(13)

Otherwise, the procedure is the same as above.

IV. RESULTS

The results of the simulations are presentedditferent
probe configurations, i.e., the number of probesvasied
according to Table I. Table | also shows the trtincanumber
and the number of spherical modes that are symimsiith
each probe configuration.

The normalized error vector amplitudebetweernw,,. and
WsyninIS calculated as

W,

_ ‘\Ntrue -

synth
may

lrue‘ (14)

The denominator in this equation is the global mmaxin of

the received signal in the true propagation enwvirent,

considering all snapshots (the max-mean ratiw,gf is 6 dB).

The error vector amplitude is calculated separatetyeach
snapshot. The root-mean-square valué isfpresented in Fig.
3 for both AUT ports as a function of the numbepuadbes for
different noise levels in the probe stimuli. The BNhoise
vector magnitude is shown in dB relative to the mmaxn

probe signal amplitude. The max-mean ratio of thebe

stimuli rises with the number of probes, going frathdB (24
probes) to 28 dB (212 probes).

Table I. The number of probes and the corresponding
number of synthesized spherical modes in the siioula

Truncati Number Number
on of of
number modes probes
(N) Q) (P
2 16 24
3 30 44
4 48 68
5 70 92
6 96 128
7 126 164
8 160 212

RMS error vector magnitude (dB)

Fig. 3. The normalized RMS error vector magnitudéhie signal received by
the AUT in the synthesized multipath environmemayg= port 1, black = port
2).

It is clear from Fig. 3 that in the absence of nueasient
noise, the error vector magnitude decreases asummber of
probes increases, as expected. The curves aréhawgver,
entirely smooth. For example, at some points, tfiece of
high-order modes that cannot be reproduced withivang
number of probes tends to cancel out. This effectai
combination of the AUT and the propagation envirenm
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characteristics. Nevertheless, overall the accuratythe
synthesis increases with the number of probes used.

The situation is different, when we introduce ndiseour
probe stimuli. Fig. 3 shows that in this case, d@ldeition of
probes does not improve the result after a cegaint. For
example, with —30 dB noise level, similar results abtained
with 20 and 200 probes. Of course, these considesafre
dependent on the electrical size of the AUT, whilin our
case slightly less than one wavelength. But once
measurement-noise level and the size of the AUTsttested
are known, the number of probes can be selectatiadhe
desired accuracy can be achieved.

Fig. 4 depicts the signal levels received by the parts of
the AUT as a function of snapshot, i.e., as the Atddves
along the measurement route. The noise level inptiobe
stimuli is —40 dB and the number of probes used tfe
synthesis is 44 (22 for each polarization), withntration
numberN = 3. This truncation number corresponds to coteri
(2) and, as can be seen from Fig. 4, produces d gemult.
The relative amplitudes of the signals receivedthy two
ports of the AUT vary significantly, but are vetyndar in the
synthesized and true environments.

true environment]

Received signal strength (dB)
a
S
——

Snapshot
Fig. 4. The signal levels received by the two paftthe AUT in the true
environment compared to the synthesized environmiht30 modes (gray =
port 1, black = port 2).

A typical parameter of interest in multi-antennatsyns is
the channel capacity. In the general case, thecitgyfzican be
calculated as [19]

+P HRH (15)
N

)

where | N, is the identity matrixp is the signal-to-noise ratio,

C=log, de(l N,

H is the channel matrix, and; and N, are the number of
transmit and receive antennas, respectively.

single-input multiple-output (SIMO) radio chann&lle can
calculate the channel matrix from the AUT received-signal

Insethe
simulations,N; = 1 andN; = 2. Thus, we are dealing with a

values (Fig. 4). Furthermore, for the capacity akition we
usep = 10 dB and the Frobenius norm normalization

() = NN (L

where<:> stands for average over time.

th The cumulative distribution function of the capwcis

presented in Fig. 5 for the true environment and Some
synthesized environments with different truncatimmbers
(and -40 dB relative noise level). It can be seeat the
calculated capacity is very close to the true whith= 3 (44
probes). This is not surprising since Fig. 4 shdhat the
signal levels in the synthesized environment arg ese to
the true environment. HoweveK = 2 (24 probes) produces
equally good results for the capacity. Only with= 1 (6
modes and 8 probes) a noticeable difference ocdinis. is
more evident from Fig. 6, where the error in theazity is
plotted against the cumulative probability. With= 3 andN =

2 the error remains approximately within 0.1 Wiz and
with N = 1 within 0.3 bit/s/Hz. Somewhat larger errors a
seen at very low and high probability levels, whiée number
of samples is small. The distributions were calmdafrom
1000 samples each.

This analysis shows that, even though the errorshen
received signal increase with very small truncatmmbers,
good results can still be obtained for statistizalameters. In
other words, criterion (2) need not necessarilysagsfied in
the measurement of statistical parameters. Thimportant
because statistical behaviour of parameters likadty is a
relevant figure of merit in the OTA testing of MIM&ystems.

N=1, 8 probes : : ] :

o9 N=2,24probas ~ 7~ T
2 08 N=3,44probe577:”, -
= true | | | |
g0.77777&»777+———+———4—7——\————\————\ —————

I I I I I I I

| | | | | | |
06----7--—-7-——-7-——54-—-"—"-"“"—"—"——————

g R s A
%0-5””f”’f”’f”* i i et

L I I I I I I I

O4r---r-—-——t--—-—174-4--"-"4-—-"-"“"1-—"-"----—
g I I I I I I I

03h-—-bo i
e U

O2F-———+-———+ -t - - A - - d— = — == — = —— — — —

I I I I I I I

£ B B A

| I I I I I I
0 i L L L L L L
0 1 2 3 4 5 6 7 8
Capacity (bit/s/Hz)

Fig. 5. Capacity of the simulated SIMO communiaasichannel in the true
environment and in the synthesized environment wifferent numbers of
probes.
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o
I

o
w

o
N

I°)
[

<}
[

Error in capagdity (bit/'s/Hz)
o

Fig. 6. Error in capacity in the cumulative distiilon function for different
numbers of probes in the synthesis.

V. CONSIDERATIONS ON PRACTICAL IMPLEMENTATION

computational burden, it may be necessary to coenpug
coefficients and required control parameters dflrefore the
synthesis is performed. This is not a problem, ¢olas the
parameters related to each propagation environroantbe
stored in a file and run from there.

VI. CONCLUSION

We have presented a way to synthesize arbitraryipatt
radio-channel environments in laboratory conditiof$e
error introduced in the synthesis due to a limitesnber of
probes is bounded and can be, in theory, made afi am
desired by selecting an appropriate number of mrdhd].
The results indicate that for a typical urban emwiment
considered in this paper and a mobile terminal ravge
structure of typical size, the channel capacity lsameasured
at +0.1 bit/s/Hz uncertainty withN = 2 and at +0.3 bit/s/Hz
uncertainty withN = 1.

Although propagation models are typically basedfan
field assumptions, the presented method is notdunio far-
field models, but can be applied to synthesize tiayi

There are many things to be considered in a peicticelectromagnetic environments, including near-fielffects.

implementation of a system that can synthesizeorabannel
environments in a manner presented in this paper.

First, there is the probe configuration, which ud#s the
number, placement and type of the probes. The tfpthe
probes is not restricted, nor do they need to batidal, so it

This property arises from the spherical-wave theorywhich
the method is based.

Obvious applications are found in the testing ofbiieo
terminals, but also any other task requiring a aiert
electromagnetic field distribution in a limited vohe of space

is possible to use inexpensive antennas in theemyst (€.9., electromagnetic compatibility testing) migteke use of

However, if the system is designed to be operated a wide
frequency band, the probes should be wideband s Tie
use of directive probes reduces
environment and may thus improve the performancé¢hef
system.

The AUT size and the desired measurement accuragy

determine the required truncation number and thss the
number of probes. According to the simulationstecion (2)
seems to produce good results at least for smallsAU

Even though in typical propagation scenarios sgyda not
usually arrive from all directions, there are adeges to

placing the probes so that they surround the testez 4]

uniformly. In this way, the system is very versaténd it
becomes, for example, possible to “code” the chasfgthe
AUT orientation to the synthesis so that insteadilbhg the
mobile phone the whole propagation environmenthmatilted
in the test zone. This might represent the effdcth aiser
changing the orientation of the mobile phone.

Second, we need to have hardware to feed the potss
appropriate manner. Radio channel emulators are &bl
produce the required channel effects for multipkrafiel
channels. However, in order to synthesize thesaraia in
the spatial domain, we need to be able to diskilioe signals
to the probes. This requires a large signal distidim network
with amplitude and phase control for each paththsnumber
of probes increases, such a network becomes marenane
complicated. This is why, at present, the impleragon of
this kind of systems for large AUTs may not be felas

Third, the system requires control software. Duethe

reflections frone th

this method.
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