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Abstract—In this paper, we focus on the statistical character-
istics of 3D channel propagation in indoor scenario with dense
users. Measurements were performed at 3.5 and 6 GHz with 100
MHz by using an uniform cross-polarized rectangular transmitter
(Tx) with 32 antennas and a cylindric cross-polarized receiver
with 56 antennas. Placing the Tx at two different positions,
against the wall which radiates signals forward and hanged
on the rooftop which radiates signals downward, we repeat
measurements and present comparative results of all 4 cases (2
frequency carriers × 2 Tx positions). Channel impulse response
is obtained and key channel propagation parameters (angle
information, 3D polarization components, etc) are extracted
via the spatial-alternating generalized expectation-maximization
algorithm. Results including power delay profile, delay spread,
power angle spectrum, angle spread, cross polarization power
ratios, channel capacity and capacity contribution ratios of eigen-
values, will provide further insights into 3D channel propagation.

I. INTRODUCTION

With the rapid penetration of mobile-connected tablets like
smart phones and virtual reality glasses, the mobile network
connection speed is expected to increase more than three-
fold by 2020 [1]. Key technologies are needed to meet this
high capacity throughput requirements, especially for areas
with dense users like enterprise cubicle indoor scenario. The
most widely used technology Multiple-Input-Multiple-Output
(MIMO), which adopts multiple antennas at both transmitter
(Tx) and receiver (Rx), will provide significant spectrum
efficiency improvement [2]. However, conventional MIMO
only considers the azimuth domain, many channel measure-
ments and modeling literatures ignore the elevation domain for
simplicity [3]. Three dimensional (3D) MIMO, which further
utilizes the additional elevation domain to meet higher network
throughput demands [4], has attract people’s wide attention
[5].

Authors in [6] extended Clark’s scattering model into 3D
space for the first time and the impact of elevation domain
on channel capacity is investigated [7]. Simulation work in
[8] shows the promising potential of 3D MIMO in boosting
spectrum efficiency. Field measurements further validate its
superiority by harvesting obvious channel capacity gain [9].
Then theoretic analysis of 2D and 3D MIMO in terms of
spatial correlation is presented [10]. Statistical results of 3D
channel propagation in outdoor-to-indoor scenario provide us
a better understanding of 3D channel propagation [11]. The
obvious advantage of 3D MIMO in achieving better system
performance makes it a key technology in future wireless

networks [12].
In this paper, we concentrate on exploring the channel

propagation statistic characteristics in enterprise cubicle indoor
scenario with dense users. Measurements were conducted
at 3.5 and 6 GHz with Tx placed against the rooftop and
hanged on the rooftop. Comparative results are given, main
contributions are listed:

• We conduct measurements at 4 different cases: 2 Tx
positions (placed against the wall and hanged on the
rooftop) × 2 frequency carriers (at 3.5 and 6 GHz). For
each case, we calculate the channel impulse response
(CIR) and extract key channel information including
angles, 3D polarization components, etc.

• The obtained CIR enables us to further calculate power
delay profile (PDP) and delay spread (DS) values for
all measurement cases. More multipaths with different
delays are observed for measurements at 3.5 GHz.

• The extracted 3D channel parameters enable us to present
comparative results of power angle spectrum (PAS), angle
spread (AS) and cross polarization power ratios (XPD). A
larger angle dispersion is observed for Tx placed against
the wall.

• Comparative system performances in terms of channel
capacity are also investigated. For measurements at 3.5
GHz, a larger channel capacity is observed as compared
to that at 6 GHz. Placing the Tx against the wall also
lead to a larger channel capacity than that in Tx rooftop
case. Further more, channel capacity contributions of
eigenvalues for channel spatial correlation matrix are also
presented.

The remainder of this paper is laid out as follows: In Section
II, we give the description of the equipment and measurement
scenario. Section III present the data post-processing method
and Section IV illustrates comparative results. Conclusions are
drawn in Section V.

II. EQUIPMENT AND SCENARIO DESCRIPTION

A. Equipment Description
Measurements were done by utilizing the Elektrobit Prop-

sound Sounder described in [13] to capture the real channel
information. Full dimensional antenna arrays were equipped
at both sides of the measurement link and the layout of Tx
and Rx are illustrated in Fig. 1(a) and Fig. 1(b), respectively.
For Rx, it is a dual-polarized omnidirectional array (ODA)
consisting of 56 antenna elements with 8 adjacent sides and a

ICC2017: WS08-3rd International Workshop on Advanced PHY and MAC Technology for Super Dense Wireless Networks
(CROWD-NET).

978-1-5090-1525-2/17/$31.00 ©2017 IEEE



top surface, while Tx is a dual-polarized uniform planar array
(UPA) with 32 antenna elements. All array elements consisted
of microstrip patches with 6 dB beamwidth of approximately
110o in both the vertical and horizontal planes. The gain of
each antenna element is 6 dBi, with an angle resolution of
2o, which is limited by the sensors’ distribution density in the
anechoic chamber for antenna calibration. Table I specifies
the configuration and angle range of the antenna arrays along
with other measurement parameters. The angle ranges capture
most of the propagation paths at both ends of the link, where
paths with a delay interval larger than the delay resolution can
be distinguished. All antennas were calibrated in an anechoic
chamber.

TABLE I. Antenna configuration used in measurements
Parameter Value

Antenna type ODA UPA

Element number 56 32

Polarized ±45o ±45o

Distribution of antenna elements cylinder planar

Angle range
Azimuth −180o ∼ 180o −70o ∼ 70o

Elevation −70o ∼ 90o −70o ∼ 70o

Carrier frequency 3.5 GHz & 6 GHz

Bandwidth 100 MHz

Transmit Power 32 dBm

(a) Tx: 4×4 patches with each patch comprising a pair of cross-
polarized antennas.

(b) Rx: 8 adjacent sides with 3 patches each, a top surface with 4
patches, each patch contains a pair of cross-polarized antennas.

Fig. 1: Antenna layouts used in the measurements.

B. Scenario Description
Measurements were done at a typical enterprise cubicle

indoor scenario as shown in Fig. 2. The room is approximately

Fig. 2: Measurement scenario in indoor cubicle

22.5 × 7.5 × 3.5 m in length × width × height. There are
lots of working compartments with 1.4 m width corridors.
Rx was placed on a 1.8 m height trolley, and Tx was placed
at two different positions, either placed against the wall to
send signals forward or hanged on the rooftop which radiated
signals downward. For each Tx position, 16 fixed locations
including ones along the corridor and ones exactly in the
working area would be collected. For each location, 500
samples were captured. We repeated the measurements at 3.5
and 6 GHz. Totally 16 (Rx locations)× 500 (samples) × 2 (Tx
positions) × 2 (frequency carriers) samples were collected.

III. DATA POST-PROCESSING

A. CIR Calculation
Signals propagating through the channel are collected by the

Rx and stored in the sounder in binary bits with I data and Q
data, thus the impulse response (IR) between antenna u in Rx
and antenna s in Tx for path l, hIR

us,l(t), can be calculated as
hIR
us,l(t) = I(t)+jQ(t). As it is the convolutional result of the

system impulse response (SIR) hSIR
us,l(t) and the CIR hCIR

us,l (t),
thus hCIR

us,l (t) should be

hCIR
us,l (t) = IFFT

FFT
(
hIR
us,l(t)

)
FFT

(
hSIR
us,l(t)

)
 , (1)

where FFT and IFFT denote fast Fourier transform and
inverse fast Fourier transform, respectively. Thus the U × S
CIR matrix H is obtained, where U and S denote the total
antenna number at Rx and Tx, respectively.
B. Key Channel Parameter Extraction

The collected CIRs were fed back to a high-resolution al-
gorithm to estimate the channel parameters for each snapshot.
Maximum likelihood estimation (MLE) provides an optimum
unbiased estimation from a statistical perspective, however,
it is computationally prohibitive due to the multidimen-
sional searches required. Thus a low-complexity approxima-
tion of MLE, the spatial-alternating generalized expectation-
maximization (SAGE) algorithm [14], has been proposed to
extract the key channel parameters via the joint estimation.
By substituting all possible values inside the antenna cal-
ibration file iteratively until the reconstructed signal best
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Fig. 3: PDP: Tx Rooftop & Wall at 3.5 & 6 GHz

TABLE II. Delay spread for all measurements
Tx Position Rooftop Wall

Carrier Frequency 3.5 GHz 6 GHz 3.5 GHz 6 GHz
Delay Spread µ -7.08 -7.19 -7.05 -7.18
log 10([s]) σ 0.19 0.18 0.23 0.16

Mean Excess Delay (ns) 170.4 124.9 182.5 132.2
Max Excess Delay (ns) 372.3 278.6 387.4 291.2

fits the actual received one, we can extract the parameter
set {τl, θl, φl, ϑl, ϕl, αlVV, α

l
HV, α

l
VH, α

l
HH}, which denote the

delay, elevation angle of departure (EAoD), azimuth angle of
departure (AAoD), elevation angle of arrival (EAoA), azimuth
angle of arrival (AAoA), complex gains of vertical-to-vertical,
horizontal-to-vertical, vertical-to-horizontal and horizontal-to-
horizontal polarizations for path l, respectively.

IV. STATISTICAL RESULTS & ANALYSIS

A. PDP & DS
As indicated in (1), the CIR for each Tx-Rx link would dif-

fer from each other due to antenna radiation gain and position
differences. To present the overall characteristics, CIRs of all
32× 56 links will be averaged to get the corresponding PDP.
Paths with very small energy will get buried in the average
calculation, the shape of the averaged PDP will be smoother
than that of a single Tx-Rx link, only dominant peaks appear.
In Fig. 3, PDPs for Rx at location 1 for all measurement
cases are presented. Similar dynamical ranges of being 33 dB
are observed for all 4 cases because the optical line-of-sight
propagation distances from Tx rooftop/wall to Rx position
1 are approximately the same (1.4 m), no obvious pathloss
difference between 3.5 and 6 GHz is expected due to the small
propagation distance. Powers of multipaths decrease rapidly
with delays, effective paths with delays within [T0, Tmax] are
selected to make sure the minimum power of paths is 3 dB
larger than noise level Pnoise. Two obvious peaks arise for the
measurements at 3.5 GHz, both for Tx placed against the wall
and hanged on the rooftop cases. However, for measurements
at 6 GHz, only one peak value is observed. As larger pathloss
is experienced at higher frequency carrier, multipaths with
large delay at 6 GHz would suffer serious pathloss and might
not be received by the Rx. The overall delay spread values,
mean excess delay and max excess delay are listed in Table.

II. The comparative results indicate a better scattering at 3.5
GHz in terms of larger delay spread values.
B. Angle Distribution

1) PAS
Distribution of multipaths with different angles and powers

can be reflected by PAS. Taking the Tx hanged on the rooftop
and Rx located at position 1 as an example, PAS of all angles
(AAoD, EAoD, AAoA, EAoA) at 3.5 and 6 GHz are illustrated
in Fig. 4(a) and Fig. 4(b), respectively. As we can see, the
angles of departure at 3.5 GHz distribute more widely than
that of 6 GHz. For angle of arrival, a more dispersed angle
distribution is observed as compared to that of departure.
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(a) PAS with Tx (rooftop)-Rx (position 1) at 3.5 GHz
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(b) PAS with Tx (rooftop)-Rx (position 1) at 6 GHz
Fig. 4: PAS with Tx (rooftop)-Rx (position 1) at 3.5 & 6 GHz

2) AS
Root mean square angle spread (rms AS) is regarded as

one key parameter in measuring multipaths scattering and is
defined [15]

σAS =

√√√√∑L
l=1 (θl,µ)

2 · Pl∑L
l=1 Pl

, (2)

where Pl is the power for path l, θl,µ is defined as

θl,µ =


2π + (θl − µθ), if (θl − µθ) < −π
(θl − µθ), if |θl − µθ| ≤ π
2π − (θl − µθ), if (θl − µθ) > π

(3)

µθ is defined as

µθ =

∑L
l=1 θl · Pl∑L
l=1 Pl

. (4)

and θl can be the AoA (or AoD, EOA, EOD) of path l.
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TABLE III. Angle spread for all measurements
AS Rooftop Wall InH (M.2135)

log10(
◦) 3.5 GHz 6 GHz 3.5 GHz 6 GHz LoS/NLoS

ESD µ 1.52 1.24 1.36 1.22 -/-
σ 0.23 0.21 0.20 0.19 - /-

ASD µ 1.57 1.43 1.40 1.42 1.60/1.62
σ 0.24 0.23 0.27 0.17 0.18/0.25

ESA µ 1.35 1.35 1.52 1.38 -/-
σ 0.20 0.16 0.22 0.16 -/-

ASA µ 1.68 1.81 1.70 1.82 1.62/1.77
σ 0.21 0.19 0.24 0.15 0.22/0.16

The mean µ and standard derivation σ of log10(σAS) for
different Tx positions and frequency carriers are listed in
Table. III. Comparing AS values at two different Tx positions,
larger AS values at departure side are observed for Tx rooftop
case for both two measurements at 3.5 and 6 GHz. By hanging
the Tx high on the rooftop, signals are transmitted downwards
and a larger area can be covered while signals transmitted at
Tx wall case would be limited to a narrow directional space
due to the dense office desks everywhere. For AS values
of arrival (ESA, ASA), the multipaths are more dispersed
when Tx is placed against the wall, signals experience richer
scattering due to the denser scatters in the radiation direction.
Comparing AS values at different frequency carriers, ESD,
ESA and ASD at 3.5 GHz are larger than that of 6 GHz except
ASA values. Higher frequency signals will be more of particle
propagation which leads to a larger spread values within a
narrow rich scattering environment and lower possibility to
penetrate through the nearby glasses and wooden desks.
C. XPR

Based on the extracted 3D polarization components
{αV V , αVH, αHV, αHH}, parameters including XPR, XPR from
vertical to horizontal (XPRVH) and XPR from horizontal to
vertical (XPRHV) can be calculated

XPR =
α2

HH + α2
V V

α2
HV + α2

VH
, (5)

XPRHV =
α2

HH

α2
HV
, (6)

XPRVH =
α2
V V

α2
V H

. (7)

Their values for 4 measurement cases are listed in Table. IV.
As we can see, XPR at Tx placed against the wall case is
much larger than that of Tx rooftop case, which indicates a
larger signal power conversion in 3D space for Tx rooftop
case. With the increase of frequency carrier from 3.5 to 6
GHz, XPR values increase obviously.

TABLE IV. XPR for all measurements
Scenario Rooftop Wall All

Frequency 3.5 GHz 6 GHz 3.5 GHz 6 GHz 3.5 GHz 6 GHz
XPR[dB] -0.82 -0.54 1.97 4.77 -0.58 2.11

XPRH2V[dB] -2.01 -1.35 1.98 5.20 -0.09 1.92
XPRH2V[dB] -0.01 -0.22 2.18 4.95 0.86 2.36

D. Channel Capacity
Being one of the important metrics for MIMO system

performance, channel capacity will be calculated. To analyze
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Fig. 5: Channel capacity of Tx rooftop & wall at 3.5 & 6 GHz

the channel capacity of the wideband channel, the CIRs
H(t, τ) should be converted into the corresponding frequency
impulse response H(t, f) by applying the Fourier transform.
Assuming that the H(j, k) is the sample of H(t, f), then

H(j, k) = H(t, f) |t=j·∆t,f=k·∆f = H(j ·∆t, k ·∆f), (8)

where ∆t and ∆f are the sampling intervals in time and
frequency domains, respectively. In the absence of the channel
state information at the transmitter, it is optimal to equally
allocate power across all antennas. The channel capacity of
the frequency-selective fading MIMO channel is given by [16]

C(t) =
1

B

∫
B

log2 det

(
IU +

ρ

β2S
H(t, f)HH(t, f)

)
df,

(9)
where ρ denotes the SNR and B is the bandwidth. For the
discrete channel response H(j, k), an approximation is given
by

C(j) ≈ 1

K

K∑
k=1

log2 det

(
IU +

ρ

β2S
H(j, k)HH(j, k)

)
,

(10)
where K is the number of frequency bins of the jth time
realization. β is a common normalization factor for all channel
realizations to ensure that the average channel power gain is
unitary as

E
{

1

β
‖H(j, k)‖2F

}
= U · S, (11)

where ‖‖2F denotes the Frobenius norm.
For the 56 × 32 MIMO system, comparative results of

channel capacity for all 4 measurements at SNR=5 dB are
illustrated in Fig. 5. Channel capacity values at 50% CDF
point for Tx rooftop case at 3.5 GHz, Tx rooftop case at
6 GHz, Tx wall case at 3.5 GHz and Tx wall case at 6
GHz are 92.25 bps/Hz, 73.24 bps/Hz, 100.4 bps/Hz and 88.91
bps/Hz, respectively. Measurements at 3.5 GHz gain larger
channel capacity than measurements at 6 GHz for both two
Tx positions, which is consistent with the observation of larger
DS, AS and XPR values at 3.5 GHz. By placing the Tx against
the wall, a larger channel capacity is obtained.
E. Capacity Contribution Ratio of Eigenvalues

Eigenvalues of channel spatial correlation are calculated
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1) Based on H(t, f) mentioned above, channel correlation
matrix R: R = H(f)H(f)H (stationary environment)

2) Get the eigenvalues of R:
{λi, i = 1, 2, ..., r(R)} = Eigen{R}

where r(R) is the rank of R. Channel capacity contribution
ratio of λi is defined

γi =
Ci
C
, (12)

C =

r(R)∑
i=1

log2

(
1 + λi

ρ

S

)
, (13)

Ci = log2

(
1 + λi

ρ

S

)
. (14)

In Fig. 6, Channel capacity contribution ratio of eigenvalue
1 (γ1), total contribution ratio of eigenvalue 1 to 8 (

∑8
i=1 γi)

and eigenvalue 1 to 16 ((
∑16
i=1 γi)) are illustrated. For i.i.d

channel, the capacity contribution ratio of each eigenvalue for
a 56×32 MIMO system should be 1/32, approximately 0.0313.
For practical channel, the capacity contribution ratio of the
largest eigenvalue is almost three times larger, being 0.0837,
0.075, 0.1035, 0.0881 for measurements with Tx rooftop at 3.5
GHz, Tx wall at 3.5 GHz, Tx rooftop at 6 GHz and Tx wall
at 6 GHz, respectively. Larger capacity contribution values
of eigenvalues for Tx rooftop case at 6 GHz indicates the
existence of dominant eigenvalues.

Fig. 6: Capacity contribution ratios of eigenvalues

V. CONCLUSION

In this paper, we provide comparative results including
PDP, DS, PAS, AS, XPR, channel capacity and capacity
contribution ratios of eigenvalues for measurements conducted
in an indoor scenario under 4 cases: 2 Tx positions (against
the wall and hanged on the rooftop) × 2 frequency carriers
(3.5 and 6 GHz). Results show that more multipaths are
observed for measurements at 3.5 GHz (PDP in Fig. 3), which
leads to larger DS values. The intuitive PASs for Tx rooftop–
Rx position 1 (see Fig. 2) show a much wider distribution
of AAoD and EAoD at 3.5 GHz than that at 6 GHz. By
hanging the Tx on the rooftop, larger AS values of departure
(ESD, ASD) are observed. The Tx position has a great impact
on XPR values, higher frequency carrier also lead to much
larger XPR values. For the measurement conducted at 3.5
GHz with Tx placed against the wall case, we get the largest

channel capacity. For the measurement conducted at 6 GHz
with Tx hanged on the rooftop, larger capacity contribution
ratios of eigenvalues indicates the higher spatial correlation
in 3D channel propagation. Collectively, these comparative
statistical results will contribute to a better understanding of
3D channel propagation.
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