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Abstract—This paper presents the characteristics of the mm-
wave propagation channel in hall scenario at the frequency
bands of 9−11 GHz and 27−29 GHz. The spherical propaga-
tion parameters, i.e. delay, azimuth, elevation, source distance
and complex amplitude are estimated by the high resolution
parameter estimation (HRPE) algorithm. Based on the results,
the channel characteristics, e.g. path loss, delay spread, and
angle spread are analyzed for different mm-wave bands. The
results reveal that the line of sight and specular components
are dominant in such large size scenario at 9−11 GHz and
27−29 GHz bands, and little differences in the characteristics
between the two bands can be observed.

Index Terms—Millimeter-wave, path loss, delay spread and
angle spread.

I. INTRODUCTION

The next generation communication system (5G) is moving
towards frequency bands above 6 GHz, due to the plenty
of available spectrum and higher data traffic supported at
millimeter wave (mm-wave) bands. Accurate knowledge of the
channel propagation characteristics in mm-wave frequencies
band is important for mm-wave system design and perfor-
mance evaluation [1].

Extensive measurement campaigns have been conducted
for mm-wave channels, with focusing on the comparison of
channels in different frequency bands in the same environment
[2]–[4]. In [2], the measurements were conducted in a typical
indoor office environment at 28 GHz and 73 GHz frequency
bands. Large-scale path loss and temporal statistic are pro-
vided, using rotatable directional horn antennas. In [5], the
frequency dependency of propagation parameters, e.g. power
delay profile, delay spread, path loss and shadow fading were
investigated in three different indoor environments, such as
hall, meeting room and corridor scenarios. In [6], the large
scale parameters, i.e. path-loss, shadowing, cross-polarization
power ratio, delay spread and coherence bandwidth were
investigated in various indoor environments at 11 GHz, in-
cluding two hall scenarios and three rooms. To the author’s
best knowledge, the analysis of the channel characteristics
at different frequency bands in these indoor cases, is still

limited comparing the power spectrum and delay spread in
most papers.

In this paper, the comparison of propagation characteris-
tics with total 20 Tx antenna locations at 9−11 GHz and
27−29 GHz bands in large hall scenario are investigated. The
high resolution parameter estimation (HRPE) algorithm is used
for extracting the information of delay, angle and amplitude,
which are used for calculating the characteristics, such as path
loss, delay spread and angle spread.

The rest of this paper is organized as follows. In Section II,
the measurement campaign is presented. Section III describes
the channel characteristics, and the results of propagation pa-
rameters are analyzed. Section IV summarizes the conclusions.

II. MEASUREMENT CAMPAIGN

Fig. 1 illustrates the top-view sketch of the hall scenario
in Aalborg University, where the measurement campaign
was conducted at the frequency band of 9−11 GHz and
27−29 GHz, using a channel sounder [3], [7] based on a vector
network analyzer (VNA). The measurement setup parameters
are depicted in Table I. The shape of the hall is irregular, with
39 m from west to east, 20 m from north to south and 10
m height from the ground to the ceiling. The four big yellow
ventilation tubes and six small white pillars are located around
the hall.

The commercial biconical antenna SZ-2003000/P [8] was
used as transmitter (Tx) antenna and homemade biconical
antenna [9] was used as receiver (Rx) antenna, as shown in
Fig. 2. The Rx antenna was rotated clockwise on a rotating
pedestal with a pre-set radius of 0.24 m with 1 degree rotating
steps, to form a large-scale uniform circular array (UCA) with
360 elements. The antenna gains of commercial antenna are
2.75 dBi at 10 GHz and 4.8 dBi at 28 GHz. For the homemade
antenna, the gains are 3.5 dBi at 10 GHz and 6 dBi at 28 GHz.
A total of 20 spatial snapshots were measured by moving the
Tx antenna and the Rx antenna was located near the yellow
ventilation tubes as shown in Fig. 1. Each Tx in each row was
spaced 1 m apart. The height of the Tx and Rx antennas is



TABLE I
MEASUREMENT SETUP.

Room Hall

Dimension (m3) 39× 20× 10

Tx antenna Commercial biconical SZ-2003000/P

Rx antenna Homemade biconical antenna

Center frequency 10, 28 GHz

Bandwidth 2 GHz

Tx\Rx antenna height 1.50 m

Frequency sweep points 360

Frequency samples 750

UCA radius 0.24 m

mounted at 1.50 m. The measurement was conducted with a
bandwidth of 2 GHz and 750 samples were collected for each
frequency band.

Fig. 1. Top view of the hall scenario with 20 Tx locations and single Rx
location.

III. RADIO CHANNEL CHARACTERIZATION

The measured raw data is processed by the hanning window
and inverse Fourier transform (IFT), then the average power
delay profiles (APDPs), which can be obtained by the channel
impulse response (CIR) hm,n(τ) as

Pm(τ) =
1

N

N∑
n=1

|hm,n(τ)|2 (1)

where hm,n(τ) represents the CIR at m-th delay sample and
n-th measured element.

In order to study the channel characteristics of the mm-wave
spherical propagation, the HRPE algorithm [10] is applied to

Fig. 2. The photograph of Rx (left) and Tx (right) antennas.

derive the parameters of the UCA channels, i.e. azimuth an-
gles, elevation angles, delays, source distances and amplitudes
of multipath components (MPCs). The spatial-temporal CIR
h(t; τ, θ, φ, d) can be described as

h(t; τ, θ, φ, d) =

L∑
l=1

αlδ(τ − τl)δ(θ − θl)δ(φ− φl)δ(d− dl),

(2)
where L is the number of spherical waves impinge into the
UCA, αl represents the complex amplitude, τl is the propa-
gation delay, θl and φl represent the azimuth and elevation
angles of the l-th path, respectively. dl is the propagation
distance between the UCA center and the last source point
during the propagation route of the l-th path, respectively.
These parameters are used for calculating the characteristics
of the channel propagation in this section.

A. Path loss

Path Loss is a fundamental channel model for estimating
the link budget and coverage in cellular network [11]. The
path loss of each Tx location can be calculated by the sum
power of the CIRs, which can be represented as

PL = PTx − PRx +GTx +GRx[dB] (3)

where PTx and PRx are the transmit and received power,
respectively. GTx and GRx are the the gains of the Tx and Rx
antennas used at the measurement frequency, respectively. The
path loss can be represented by the integrating all the power
of the paths, can be obtained by the CIRs as

PTx − PRx =

M∑
m=1

Pm(τ) (4)

Table II show the path loss model fitting results, in which the
path loss model is expressed by

PL(d)[dB] = a+ 10 · blog10(d[m]) +Xσ (5)

where a is the fading constant and b is the path loss exponent,
which are both the least-square fits of floating intercept and the



TABLE II
PATH LOSS MODEL PARAMETERS.

Frequency band (GHz) a b Xσ

10 51.651 1.712 0.195

28 63.725 1.525 0.468

slope. d represents the distance between Tx and Rx antennas,
with the reference distance set as 1 m. Xσ denotes the
shadowing variation, which is represented by the log-normal
random variable with standard deviation σ.

Fig. 3(a) shows the measured path loss compared with the
free space path loss at the frequency bands of 9-11 GHz and
27-29 GHz. The measured path loss at 9-11 GHz is little lower
than free space path loss. While, in case of 27-29 GHz band,
the measured path loss was roughly the same as free space
path loss. It can also be seen from the results in Table II that
the path loss exponents b are similar to 2 due to large size of
the hall scenario. These results match the results in [2] which
reported that the b decreases with frequencies and values are
higher than 1.5.

B. Delay Spread

The delay spread is widely used for characterizing the MPCs
richness of the channels [12]. In this section, delay spread is
calculated by two methods. The first method is based on the
measured raw data with dynamic range of 25 dB, and the
second is based on the delay information estimated by HPRE
algorithm.

The delay spread is calculated as the second-order central
moments of APDPs. The mean delay τ̄ and root mean square
delay spread στ with the first method can be computed as [12]

τ̄ =

∑M
m=1 Pm(τ) · τ∑M
m=1 Pm(τ)

, (6)

στ =

√√√√∑M
m=1 Pm(τ) · τ2∑M
m=1 Pm(τ)

− τ̄2. (7)

For the second method, Pm(τ) need to be replaced by the
square of complex amplitude |αl|2 obtained by the HPRE
algorithm. Besides that, the delay sample m and M should
be exchanged with the number of the estimated paths l and L,
respectively.

The similar trend by the two methods at 10 GHz and 28
GHz can be observed from Fig. 3(b). The difference between
the two methods at the same frequency is due to the affect
of the sidelobes in measured raw data. Thus, more accurate
results can be achieved by the HPRE algorithm. The lowest
values of delay spread can be seen at position 7-10 and 17-18,
where is the smallest Tx-Rx distance.

C. Angle Spread

Because the estimated elevation angles are almost close to
90 degrees, only azimuth angles are investigated. The angle
spread σθ can be calculated, as defined in [10], [13],

(a)

(b)

(c)

Fig. 3. The channel characteristics in hall scenario at total 20 Tx locations.
(a) Path Loss. (b) Delay Spread. (c) Angle Spread.

σθ =

√√√√−2log

(∣∣∣∣∣
∑L
l=1 exp(jθl) · |αl|2∑L

l=1 |αl|
2

∣∣∣∣∣
)
. (8)

The large deviation in the values of angle spread is depicted
in Fig. 3(c) at positions 5-10 and 12-16, 20. That is because
positions 5-10 are much close to the Rx antenna, yellow venti-
lation tubes and pillars, the strong reflections at these positions
are mainly from the white pillars and yellow ventilation tubes
nearby with small range of azimuth. While positions 12-16 and
20 are relatively far from the Rx antenna, yellow ventilation
tubes and pillars, the reflections are mainly from the walls
around with large range of azimuth.

According to the power angle delay profiles (PADPs) of
position 8 obtained by the HRPE algorithm in Fig. 4(a), the
main specular components after the LOS path are identified
and plotted in Fig. 4(b). It could be seen that strong specular
reflected paths are mainly contributed by the yellow ventilation
tubes and white pillars. On the other hand, the main specular



(a)

(b)

Fig. 4. The PADPs and identified paths of Tx positions 8 at 27 GHz-29 GHz
in Hall.

components after the LOS path are sparse at 10 and 28 GHz
bands and the LOS components are dominant at the positions
with small Tx-Rx distance.

IV. CONCLUSION

In this paper, the radio channel of hall scenario is character-
ized at frequency bands of 9−11 GHz and 27−29 GHz. Based
on the virtual uniform circular array (UCA) system and high
resolution parameter estimation (HRPE) algorithm, specular
propagation paths are identified and their delay, azimuth and
elevation information are estimated. The properties of the radio
channel at 9−11 GHz and 27−29 GHz bands are studied in
terms of path loss, angle spread, and delay spread. The result
shows that the differences between two frequency bands are
mostly minor. The measured path loss at 27−29 GHz is similar
with the free space path loss, duo to dominant LOS path. The
path loss exponents b are higher than 1.5 at 9−11 GHz and
27−29 GHz, due to the large size of the hall scenario. It can

also be observed that the values of delay spread obtained by
HRPE algorithm are more accurate than that by measured raw
data, with the range of 6−20 ns. The values of angle spread
are mainly ranged between 12.75 ◦ and 41 ◦. In order to reveal
further channel characteristics in non-line of sight scenarios,
more measurements and simulation data are still needed.
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