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Abstract
In this study, reverberation chamber (RC) was used as a
wireless channel simulator as root mean square delay
spread (RMS-DS) between antennas was adjusted through
applying different loadings. Based on the measurement
and theoretical analysis, an approximate close-form
solution has been developed to explain the quantitative
relationship between the RMS delay spread and the
parameters of loading. This solution has been proved to
be valid in different loading conditions with a wider
frequency band.

1. Introduction
Reverberation chamber (RC) has been extensively studied
as electromagnetic compatibility (EMC) test equipment
for many years. Recently it turns out to be a useful tool
for wireless communication system study [1], especially
for complex wireless system such as multiple-input–
multiple-output (MIMO) system. As the impact of
complex wireless channel on wireless communication
system can be reproduced in RC when it has been used as
the simulator, it is possible to evaluate the effective of
complex wireless channel by over-the-air (OTA) test in
RC [2].

points. Then, delay spread of the wireless channel was
measured with a resolution of 5 ns and a maximum range
of 50 μs. The loading conditions are noted by L0~L4,
where L0 stands for the empty, and L1 ~ L4 stand for
loading 1 ~ 4 piece(s) of absorbing material at the same
location (Fig. 1).
Table 1. Detail of devices and materials
Name
RC

TX
RX
VNA
Loading

Type

Parameters
Size: 6.43 m × 5.09 m ×5.57 m
Stirrers number: 2
Working model: turn
Turn steps: 100

/
Schwarzbeck
BBHA 9120 LF
Schwarzbeck
SBA 9113
R&S
ZVA8
VHP-12-NRL

Frequency range: 700MHz~6GHz
Frequency range: 500 MHz ~ 3
GHz
Sweeping range: 800 MHz ~ 1 GHz
Sweep points: 10001
0.2 m × 0.3 m× 0.3 m (cropped)

Figure 2. Different loading conditions of L0~L4.

Previous publications have shown that RMS-DS in RC
will be changed when different absorbing materials or
other loading applied [3-5], and the modification of
quality factors is the physical principle of the adjustment
in the chamber [6-8]. However, it is still challenging to
calculate the quality factor of loading in practice. One
possible solution is to predict the adjustment value rather
than experimentally measurement after the adjustment.
In this study, we have developed an approximate closeform solution, which can quantificational explain the
relationship between the value of RMS-DS and
parameters of loading which will be applied in RC. This
close-form solution would be beneficial for engineers who
use RC as a simulator of complex wireless channel.

2. RMS-DS Adjusting
Details of devices parameters and materials used in
experiment were introduced in Table. I. The VNA was
firstly fixed to sweep from 800 MHz to 1 GHz, and 10001

Figure 2. RMS-DS with different loading conditions in
RC.
Table 2. RMS-DS in RC (800 MHz ~ 1 GHz)
Loading

L0

L1

L2

L3

L4

τrms (ns)

3592.9

2486.1

2119.8

1910.9

1792.2

The value of RMS-DS has decreased from 3592.9 ns to
1792.2 ns (table II.), while different loading conditions
(L0~L4) were applied in the chamber respectively (Fig. 2).
Each PDP value showed as a negative exponential form

[11], in accordance with the situation in rich-scattering
channels.

3. Approximate Close-Form Solution
In order to eliminate this difference, an approximate
close-form solution was developed based on the previous
research [6,8,11].
1) In a rectangle resonance cavity, there is an average
propagation time for each reflection path which is equal to
8V/cS [6], where c is the speed of light, V is the volume of
cavity and S is the area of the surface of cavity.
As RC is not an ideal rectangle resonance cavity, the
function of calculating average propagation time in RC
was modified as (1)

tave  

8V
,
cS

(1)

where  is the correction factor of average propagation
time for a certain RC.
The correction factor  should be less than 1 since there
are two stirrers in our RC. The correction factor  was
optimized to 0.88 by comparing the results calculated
from close-form later expressed with the measurement
with loading L1~L4. As the rate of volume of stirrers to
cavity is 0.1159≈1-0.88. Thus, the optimizing of  is
acceptable for our experiment.
PDP of wireless channel in RC could be explained by
multi-attenuated-reflections as shown in Fig. 4.
Statistically, power of electromagnetic signal will
attenuate with certain factors after each reflection. Then
PDP before and after each tave should be expressed as
follows:

PDP  t +tave   R  PDP  t  ,

(2)

where R is the attenuation factor of each reflection.

 rms  

tave
.
ln R

(3)

For a certain RC, tave is a constant. Then the only
parameter required for close form solution of RMS-DS in
RC is the R under all kinds of loading conditions.
3) For the empty RC, attenuation factor of each reflection
(noted by R0) is mainly determined by imperfect boundary
condition of the wall. In this study, the measurement
results of loading L0 was used for calculating R0 as
0
R0  exp  tave  rms
.

(4)

4) For a loaded RC, attenuation factor of each reflection
(noted by RL) is decided by the empty chamber and the
loaded absorbing material. Uniformity of electromagnetic
field in RC determines that the reflections approximate
evenly occur on the surface of wall. Therefore, attenuation
factor with loading could be approximately calculated as
follows:

RL  R0  1  SL S  ,

(5)

where SL is the surface area of loaded absorbing material.
The value of SL is related to the style of placement,
showed in Table III. While absorbing material is always
placed on the floor and consisted by numbers of pyramid
parts, SL was calculated through adding its floor area and
half of its side area.
Table 3. Placement of loading and value of surface area
Loading

Placement

SL

L1

S1=l×d+l×h+d×h

L2

S2=2l×d+2l×h+d×h

L3

S3= S1+ S2－l×h

L4

S3= 2l×2d+2l×h+2d×h

5) Submitting (5) to (3), RMS-DS in RC with arbitrary
loading is approximated to be
L
 rms


Figure 4. PDP explained by attenuated reflections.

2) Submitting (1)-(2) to PDP  t   exp(t  rms ) , RMSDS in RC can be calculated from R and tave as

tave 

0
rms

tave
.
 ln 1  SL S 

(6)

Theoretically, (1)-(6) stand for an approximate closeform solution of RMS-DS in RC which not only from the
aspect of quality factor as Ref. [6,8,11], but also from the
aspect of multi-attenuated-reflections. When complex
wireless channel with certain RMS-DS is required to be

simulated, parameters of loading could be estimated
effectively with the support of (6).
Equation (6) can be rewritten as
0
L
S L  S 1  exp  tave  rms
 tave  rms
 .

(7)

Equation (19) can used to confirm the required amount of
absorbing material loaded in the chamber when complex
wireless channel in certain RMS-DS simulated in RC, like
OTA test.

4. Validation of the Solution

central frequency of RMS-DS (fc) in RC is 900 MHz to
2.9 GHz. RMS-DS in RC was similar when L1~L4 were
repeated at different positions (Fig.7). This indicates that
(5) in the close-form solution has been validated in
measurement.
The second aspect of our validation is to verify that the
close-form solution is valid not only in single frequency
band of 200 MHz as in Fig.5, but also in a wider
frequency band. As shown in Fig. 8, when L1~L4 was
investigated in the frequency band from 800 MHz to 3
GHz, approximate close-form solutions of RMS-DS were
generally conformed to the measurement results in the
whole frequency band.

With the support of (18), our approximate close-form
solution of RMS-DS in RC with loading L1~L4 is in
accordance with the measured result, as shown in Fig. 5.
However, this is not enough to validate this close-form
solution, since correction factor  in the approximate
close-form solution is optimized based on the measured
results, and some coincidence may occur as well (Fig. 5).

Figure 7. RMS-DS in RC with different loading positions:
(a) for loading condition of L1; (b) of L2; (c) of L3; (d) of
L4.

Figure 5. Approximate close-form solution of RMS-DS
in RC with loading L1~L4 compared with measured result.

The first aspect of our validation was to check the RMSDS in RC when loadings were at different positions. The
key assumption of the approximate close-form solution is
that the attenuation factor of each reflection is related to
surface area of absorbing material but not to positions of
loading, shown at (5).

Figure 8. Approximate close-form solutions of RMS-DS
in RC with L1~L4 and different loading conditions in
frequency band of 800 MHz to 3 GHz is compared with
measurement results.

Figure 9. Different loading conditions of LL1~LL4 for
RMS-DS simulation in RC.
Figure 6. Positions of different loadings.

L1~L4 were repeated at three positions which were 0.5 m,
1.5 m and 2.5 m apart from the receiving antenna in the
horizontal direction (Fig. 6). VNA was swept in the
frequency bands from 800 MHz to 3 GHz, and RMS-DS
was calculated in the frequency band 200 MHz. Therefore,

The third aspect of our validation is to examine the closeform solution for other types of loading. In this case,
absorbing material VHP-8-NRL was used to replace
previous used material VHP-12-NRL. This absorbing
material is not cropped and the size of each piece is 0.6 m
× 0.6 m× 0.2 m. Larger loading conditions are noted by

LL1~LL4, standing for loading 1 ~ 4 piece(s) of
absorbing material in the type of VHP-8-NRL. As shown
in Fig. 8, when LL1~LL4 was investigated in the
frequency band from 800 MHz to3 GHz, approximate
close-form solutions of RMS-DS were also conformed to
the measurement results in the whole frequency band.

Figure 10. Results of approximate close-form solutions
and measurement in RC Loading from LL1~LL4,
frequency band from 800 MHz to 3 GHz.

5. Conclusion
In order to quantitatively simulate wireless channel
with certain RMS-DS in RC, an approximate close-form
solution has been developed to represent the relationship
between the RMS-DS and the area of absorbing material
loaded in the chamber. This close-form solution was
developed based on the assumption of multi-attenuatedreflections for PDP in RC. The area of absorbing material
was linked to the attenuation factor for each reflection,
and the position of loaded absorbing material cannot
influence RMS-DS simulation. In addition, by applying
close-from solution in a wider frequency band (from 800
MHz to 3 GHz) and in different types of absorbing
material, the estimated results were in accordance with
measurement result. These experiments have validated the
efficiency of the approximated close-form solution.
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