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Abstract—This paper presents an analysis of dense multipath
components in office meeting rooms. Radio channel sounding
measurements at 1.35 GHz were performed with transmitter
and receiver in the same room (intra-room) and in adjacent
rooms (inter-room). Specular and dense multipath components
were estimated with the RIMAX maximum-likelihood algorithm.
The dense multipath reverberation characteristics were found to
be not significantly different between polarization subchannels
for both the intra-room and the inter-room channels, supporting
the validity of a scalar dense multipath model. The specular and
dense multipath wall attenuation losses were found to be 12.0
and 5.4 dB, respectively.

Index Terms—channel sounding, RiMAX, dense multipath,
specular multipath, polarization, wall attenuation, office

I. INTRODUCTION

This work analyses the dependency of dense multipath
reverberation on polarization state. The analysis is based on
radio channel sounding measurements at 1.35 GHz in two
adjacent office meeting rooms. The sounding data is processed
with the RIMAX estimator to split the radio channel into
specular multipath components (SMCs) and dense multipath
components (DMC) [1]. The SMCs have well-defined discrete
locations in the different radio channel dimensions (space,
frequency, and time) and originate mostly from diffractions
and specular reflections. The DMC are the part of the radio
channel that is continuous across the channel dimensions.
Among other sources, the DMC originate from distributed
diffuse scattering on electrically small objects [2].

The parameter of interest in this study is the DMC reverber-
ation time 7,.. We investigate whether 7. depends on the polar-
ization state of transmitter and receiver, or if 7,. originates from
the same population (distribution) independent of polarization
state. We found one study at 2.3 and 5.8 GHz inside a seminar
room that did not observe a significant change in reverberation
time with polarization state [3]. In [3], the reverberation time
was determined through visual inspection of the tail of the
power delay profile. In our work, we perform a more rigorous
separation of specular and dense multipath by making use of
the RiIMAX estimator. The RiMAX algorithm provides us with
a more objective and thus robust estimate of the reverberation
time. In contrast to [3], we also performed a reverberation
time analysis for the transmitter and receiver not in the same
room. Finally, we also estimated the wall attenuation loss

experienced by the SMCs and DMC separately. The DMC wall
attenuation loss is useful for calculating the wall resistance in
circuit models of DMC propagation [4].

II. MEASUREMENTS
A. Equipment

Measurements were performed with the MIMOSA radio
channel sounder [5], [6]. Its transmission bandwidth is 80 MHz
centered around a carrier frequency of 1.35 GHz. The sounder
consists of a transmitter (Tx) and a receiver (Rx) having 8
and 16 channels, respectively. The 8 x 16 sounder is fully
parallel: the data from each transmit antenna is simultaneously
modulated onto the carriers with a frequency interleaving
technique (Interleaved Frequency Division Multiple Access or
IFDMA). Each transmit channel is connected to a two-port RF
switch, thereby increasing the number of transmit channels to
16 at the cost of channel acquisition time. The 16 channels
at each link end are distributed over a vertical planar antenna
array consisting of Mr = My = 8 dual-polarized patches
(having a horizontal (H) and a vertical (V) polarization). Fig. 1
shows the patch antenna array used at both Tx and Rx.

Orthogonal Frequency Division Multiplexing (OFDM) is
used to encode the digital transmit symbols. The 80 MHz
bandwidth is divided into 6560 subcarriers, equally divided
between the 8 parallel transmit channels. This results in an

Fig. 1. Dual-polarized patch antenna array



interfrequency spacing of 12.21 kHz and an OFDM symbol
duration T's of 81.92 us. The duration of the cyclic prefix Tcp
can be chosen as a fraction of Ts. For the multipath estima-
tion, only My = 103 subcarriers were retained to keep the
estimation reasonably fast. Taking into account the two-state
RF switch at the Tx, the acquisition of one 16 x 16 channel
snapshot takes up at most 327.68 us. Table I summarizes the
technical specifications of MIMOSA.

TABLE I
MIMOSA SPECIFICATIONS
parameter setting
center frequency 1.35 GHz
bandwidth 80 MHz
number of Tx antennas 8
number of Rx antennas 8
Tx polarization H/V
Rx polarization H/V
number of OFDM subcarriers 6560
OFDM symbol duration T's 81.92 us
cyclic prefix duration T¢ p 0<Tcp <Tsg
16 x 16 channel acquisition time | 2 (Ts + Top) < 327.68 us
transmit power per Tx channel 0.1-1 W

B. Procedure

Fixed-link radio channels were recorded in two office-type
meeting rooms. Fig. 2 shows a floor plan of both rooms and
the adjacent hallway. The dimensions of room 1 are 9.47 x
6.83 x 4.00 m?, while room 2 measures 4.68 x 6.83 x 4.00
m?. The floor and ceiling are made of concrete. The outer wall
(top in Fig. 2) is made up of concrete structures and windows,
while all the inner walls are plasterboard. Meeting tables and
chairs were the only inventory in both rooms.

Fig. 2 also shows the four positions of Tx array (red)
and the five locations of the Rx array (blue) chosen for the
measurements. The antenna arrays were positioned parallel to
the walls and radiated towards the inside of the room they are
in. The radio channel was recorded between each Tx and each
Rx position for a total of 20 radio links. Each radio channel
was measured 50 times in static conditions and averaged to
reduce measurement noise.

III. DATA MODEL

The vectorized channel gain hxy € CMrMrMsx1 cap be

written! as the sum of an SMC part sxy, a DMC part dxy,
and a measurement noise part nxy:

hxy = sxy (O xy) +dxy (8a.xy) + nxy (0kxy) (D

It is assumed that hxy follows a multivariate circularly
symmetric complex Gaussian distribution:

The subscripts X and Y denote the polarization of the transmitting and
the receiving antenna, respectively. X and Y are either horizontal (H) or
vertical (V).
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Fig. 2. Floor plan with locations of the Tx and Rx arrays

hxy ~ N, (SXY (©sxv), Rxy (0uxvy,0%y) ) (2)

A. Specular multipath components

The parameter matrix @, xy groups the parameters asso-
ciated with the SMCs:

YA < azimuth of arrival
Iy < elevation of arrival
®D <+ azimuth of departure
O, xy = . (3
Yp <+ elevation of departure
TA < time of arrival
YXY < complex amplitude

In (3), ®, xy is a 6 x N matrix where N is the number of
specular multipath components. Each row of ©, xy contains
the corresponding specular parameter for each of the N
specular paths. The SMC part sxy is then calculated as [1]:

sxy (@5 xy) = [(GR,Y (pa,94)0 AR (pa,04))
* (Gr,x (pp,9p) o Ar (¢p,9p)) (4
* A (TA):|'7§'Y

In (4), o and = are the Schur-Hadamard and the column-
wise Khatri-Rao matrix products, respectively. A € CMr*N
Ag € CMrxN and Ay € CMs*N are Rx, Tx, and frequency
steering matrices containing complex exponentials. Further,
Gr,y and G7 x are matrices that pre-multiply the complex
exponentials in the Rx and Tx steering matrices with the
appropriate polarimetric antenna gains.

B. Dense multipath components and noise

The DMC dxy and the noise nxy in (1) are fully deter-
mined by the covariance matrix Rxy in (2). This covariance
matrix is assumed to have the following structure involving
Kronecker products [1]:



Rxy (04,xy,0%y) =
Iy, @ Ingy @ Ry xy (Oa,xy) + oy I (5)

In (5), I, is the identity matrix of size x and M =
MprM7My. The measurement noise is modeled as indepen-
dent and identically distributed (i.i.d.) complex Gaussian noise
with variance 0% ,. The DMC is assumed to be correlated and
wide-sense stationary in the frequency domain: this implies
that the frequency covariance matrix Ry xy has a Toeplitz
structure. The exact mathematical expression of Ry xy is de-
rived from the DMC power delay profile 1) xy (7) as function
of delay 7 [1]. It is assumed that the DMC power delay profile
follows an exponential decay with parameters grouped in the
parameter vector 0d7 XY

ad, Xy < peak power
Ogxy = | Taxy <— onset time 6)
Tr XY < reverberation time
Uxy (1) = agxye” TTTax) Ty @)

IV. RIMAX ESTIMATOR
The RiIMAX algorithm is applied to the channel sound-

ing data to obtain maximum-likelihood estimates 957 xy and
4 xy of the SMC and DMC multipath parameters, and 6% -
of the noise variance [1]. The Effective Aperture Distribution
Function (EADF) framework is used to include the polarimet-
ric radiation patterns of the Tx and Rx antennas in the signal
model [7].

The RiIMAX algorithm is an iterative algorithm: in each
iteration, a set of 10 SMCs is initialized with a simple mul-
tidimensional beamformer and optimized with the Levenberg-
Marquardt algorithm. Subsequently, the DMC and noise, i.e.,
the measured channel minus all optimized SMCs, are fitted to
the data model in (5) and (7). The algorithm then alternates
between optimizing SMC, and DMC and noise parameters
until convergence is reached. The final step in each RIMAX
iteration checks the reliability of the estimated SMCs by means
of a criterion based on the SMC power estimate and its
estimation error variance [1], [2]. If a path fails this criterion, it
is removed from the set of estimated SMCs. We set the number
of RiIMAX iterations to 2 for our sounding data (meaning a
maximum of 20 specular paths is estimated, leaving out paths
that fail the reliability criterion). With this setting, the dynamic
range of the estimated SMCs was found to be around 30 dB.
Setting a larger number of iterations would mainly increase
the number of low-power paths that we deem untrustworthy.

Fig. 3 shows the SMC estimation for the link where the Tx
is in the top right and the Rx is in the top left corner of Fig. 2.
SMCs emanating from the Tx (blue dot) and impinging on the
Rx (red dot) are displayed as blue and red lines, respectively.
The length and thickness of the lines are proportional to the
SMC path length and power, respectively.

Fig. 3. SMC estimation

V. RESULTS
A. DMC reverberation time

This section discusses the polarization-dependency of the
DMC reverberation time. Fig. 4 shows reverberation time
variability as boxplots. The radio links are divided into intra-
room channels (Tx and Rx in room 1) and inter-room channels
(Tx in room 1 and Rx in room 2). For each channel type,
the reverberation times are grouped according to polarization
subchannel.

We performed a Kruskal-Wallis test (i.e., a one-way analysis
of variance on ranks) to find out whether there is a group
effect of the polarization on the reverberation time [8]. For
both the intra- and the inter-room channels, the test did not
find a group effect at the 5% significance level (p-values of
0.33 and 0.09, respectively). This is evidence that the DMC
in an indoor meeting room environment can be modeled as
independent of polarization.

Following these findings, we modify the DMC and noise
data model in Section III-B to a scalar DMC and noise model
independent of polarization. In other words, we perform a fit
to the total DMC and noise d + n with

2

X,Ye{H,V}

The DMC and noise in (8) is fitted to the model in (5)-(7),
but without the XY -dependency. Fig. 4 shows the variability
of the reverberation times fitted to the total DMC and noise
(8) as red boxplots (all).

Fig. 5 shows the power-delay characteristics of the RIMAX
result (relative to the time-of-arrival of the first arriving SMC)
for the same link as in Fig. 3. The black squares indicate

d+n= (dxy +nxy) ®)
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Fig. 4. Reverberation times of the intra- and inter-room channels grouped
according to polarization subchannel (H = horizontal, V = vertical, first letter
= Tx polarization, second letter = Rx polarization)

the powers of the discrete SMCs, the black line is the power
delay profile of the measured channel and the red line is
the total DMC plus measurement noise in (8). Also shown
is the scalar exponential decay model fitted to the DMC +
noise (green line). The RIMAX algorithm appears to have
successfully separated the most powerful SMCs from the
measured channel: we observe that the remaining total DMC
+ noise is well approximated by the scalar exponential decay
model.

B. SMC and DMC attenuation loss

In this section, we estimate the attenuation loss experienced
by the SMC and DMC when traveling through walls from
room 2 to room 1. The DMC wall attenuation loss is used to
calculate wall resistance in circuit models of DMC propaga-
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Fig. 5. Power-delay characteristics

tion [4]. For each Tx-Rx link, the power in the SMC (Psps¢)
and the DMC (Pps¢) is calculated from the RIMAX results:
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X,Ye{H,V}

oo
Ppuye = Oéd/ ei(Tde)/T"dT = QqTy
Td

Psyc =

(10)

The attenuation loss of the SMC and DMC (Agy/¢c and
Appce) is then calculated as the ratio of the median powers
of the respective multipath components between the intra-room
and the inter-room channels, i.e.:

[Psnic/puc)

A o P50 ,intra-room
SMC/DMC — [

(1)

PSMC’/DMC] D50, inter-room

We found Agpyrc and Apase to be equal to 12.0 dB and
5.4 dB, respectively. The observation that the SMCs are more
attenuated than the DMC could be explained by the SMCs
commonly containing a number of paths not going through
the wall shared by room 1 and 2 (see for example in Fig. 3).
These paths in particular have longer travel times and go
through multiple walls, causing them to be heavily attenuated.
In contrast, the DMC are generally weakers paths that mostly
go through the shared wall between both rooms. It is less likely
that DMC passes through other walls as they would become
heavily attenuated and end up in the measurement noise floor.

VI. CONCLUSIONS

In this work we presented an experimental analysis of dense
multipath components at 1.35 GHz in office meeting rooms.
It was found that the dense multipath reverberation charac-
teristics are not significantly different between polarization
subchannels. This implies that it is justified to use a scalar
model for the sum of dense multipath components across all
four polarization subchannels. Additionally, the wall attenua-
tion loss experienced by the dense multipath appeared to be
6.6 dB smaller than the loss encountered by the specular paths.
This is thought to be caused by multiple wall penetrations by
some specular paths while the same is unlikely to happen for
the weaker dense multipath components.
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