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Abstract – The fifth generation (5G) communication,
which is capable of realizing wireless communication
with a extremely low latency and high data rate, has
been put into commercial use widely. The propaga-
tion channel is of great significance for design, perfor-
mance evaluation, and improvement of 5G system. As
to investigate the wireless channel of 5G network, a
channel measurement system based on passive sound-
ing method is proposed in this paper. By utilizing the
5G downlink signal, e.g., synchronization signal block
(SSB) and channel state information reference signal
(CSI-RS), the proposed system is able to extract the
multipath parameters of 5G propagation environment.
Moreover, a measurement campaign is conducted at an
urban macro-cellular (uMa) environment with the pas-
sive sounding system. The measured results is briefly
analysed and compared with the 3rd generation partner-
ship project (3GPP) results.

Index Terms – 5G cellular network, channel measure-
ment, passive sounding.

I. INTRODUCTION
The fifth generation (5G) communication system

has recently become one of the most popular technolo-
gies, due to its ability to connect people and share infor-
mation in a wide range of scenarios with extremely low
latency, high data rate and ultra-reliability quality of ser-
vice (QoS). Compare with the fourth generation (4G)
long-term-evolution (LTE) system, 5G is supposed to
achieve 1000 times the system capacity, 100 times the
data rate, 3-5 times the spectral efficiency, and 10-100
times the energy efficiency [1]. In order to meet the
requirements of system performance, many emerging
technologies have been adopted to 5G system, e.g., mas-
sive multiple-input multiple-output (MIMO), beamform-

ing and millimeter wave, which also brings new chal-
lenges for system design and optimization.

As a foundation of any wireless communication sys-
tem, the research on propagation channels is of great
significance for the design, performance evaluation, and
improvement of 5G [2], [3]. Channel measurement, also
called channel sounding, which is able to acquire the
massive first-hand channel data, has been regarded as
the crucial method for the propagation environment
research. The aim of channel sounding is to obtain the
propagation data with the radio equipments, and then
characterization the wireless channel environment with
post-possessing methods, e.g., search-alternative gener-
alized expectation-maximization (SAGE) algorithm [4].
In recent years, channel measurement and characteriza-
tion have attracted much attention in both academia and
industry, and a great deal of measurement campaigns for
5G scenarios have been widely conducted [5]. In gen-
eral, there are two main categories of channel measure-
ment framework, i.e., the active sounding and the pas-
sive sounding. The active sounding contains two separate
sounding devices for signal transmission and reception,
respectively. By adjusting frequency band of transmit-
ted signal and scale of antenna array, the 5G propagation
characteristic can be effectively studied with the active
sounding framework in various scenarios [2]. Although
the active sounding has been widely used for many mea-
surement campaigns, it still suffers from many disadvan-
tages, e.g., low mobility of sounders, limited transmis-
sion power, restricted radio frequencies, and high system
cost.

The passive sounding, which directly regards the
base station (BS) as the transmitter and utilizes the com-
munication signal transmitted in the operators’ network
as the sounding signal, has been proposed to investigate
the propagation characteristic for the public in-service
wireless communication systems. The advantages of
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passive sounding include that measurement campaigns
can be conducted anywhere as long as covered by
the cellular network. Moreover, the wireless channel
measured with passive sounding is exactly the practi-
cal propagation environment of communication systems,
which can be directly utilized for performance eval-
uation and system optimization. Passive sounding has
been early adopted in the universal mobile terrestrial
system (UMTS) network and LTE network under vari-
ous scenarios, e.g., high speed train, subway, and urban
[6][7][8]. Compared with the UMTS and LTE communi-
cation system, 5G provides up to 100 MHz bandwidth
for sub-6GHz band and 400 MHz bandwidth for mil-
limeter band, which is favourable for broadband charac-
teristic investigation in passive sounding. Furthermore,
benefiting from the wide coverage of 5G commercial
cellular network, passive sounding can be regarded as
the promising method for 5G channel measurement and
modelling. However, the channel measurement and char-
acterization based on passive sounding for 5G network
are hardly discussed in the literature [9]. In this paper,
we have first developed a channel sounder based on pas-
sive sounding framework, which is applicable for chan-
nel measurement in 5G networks. Then, the data process-
ing procedures of the proposed system, i.e., 5G downlink
signal extraction and multipath parameter estimation,
were explained in detail. Moreover, a channel measure-
ment campaign was conducted to investigate the propa-
gation properties of 5G sub-6GHz communication sys-
tem in a typical urban macro-cellular (uMa) environ-
ment. Finally, based on the measured data, the multipath
parameters were estimated with the SAGE algorithm,
and the propagation characteristics were also discussed
and analyzed briefly.

The rest of this paper is organized as follows.
Section II describes the passive sounding system and
the measurement environment. In Section III, the data
processing method, e.g., SAGE algorithm, is discussed.
Results and analysis are presented in Section IV. Finally,
conclusions are drawn in Section V.

II. PASSIVE SOUNDING SYSTEM
The channel sounder, which aims to record and

extract the channel impulse response (CIR) of propaga-
tion environments, is the crucial and prerequisite com-
ponent of channel measurement campaign. The diagram
of the proposed 5G passive sounding system is illus-
trated in Fig. 1, which contains the following compo-
nents: antenna array, RF switch, RF unit, universal soft-
ware radio peripheral (USRP), I/Q platform, and 5G user
equipment (UE).

The antenna array receives the electromagnetic sig-
nal transmitted from 5G base station and transforms
it to the RF signal. Due to the high complexity and
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Fig. 1. The diagram of passive sounding system.

cost brought from massive RF channels, we adopt the
RF switch to receive the signal alternatively with the
time-division multiplexing (TDM) strategy. The switch
interval should be no shorter than the 5G signal down-
link period, e.g., 20 ms for synchronization signal block
(SSB) period, so that each antenna can receive an intact
downlink signal. The RF unit, composed of filter and low
noise amplifier (LNA), is able to eliminate the interfer-
ence of out-of-band signals and strengthen the quality of
in-band signals. An USRP device is used to convert the
RF analogy signal to the I/Q digital signal with frequency
conversion and sampling operations. The I/Q platform,
namely a high performance workstation, is used to store
and process the baseband I/Q signal transmitted from
USRP. As to acquire the configuration of 5G cellular net-
work, a 5G UE is used to obtain the radio resource con-
trol (RRC) parameters of the serving cell.

Figure 2 illustrates the practical photo of our
developed passive sounder. The left-hand side contains
antenna array and integrated RF switch, and the right-
hand side contains the RF unit, USRP, I/Q platform and
5G UE. In order to receive the multipath impinging from
various directions, a cylindrical antenna array with 80
dual-polarized antenna elements is equipped. The radia-
tion pattern of element and beam pattern of array for 2.6

Fig. 2. The photo of passive sounder.
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GHz are illustrated in Fig. 3. It is notable that the radia-
tion pattern of antenna array has been calibrated with the
over-the-air (OTA) method, e.g., multi-probe anechoic
chamber and reverberation chamber [10] [11].
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Fig. 3. The radiation pattern of element and beam pattern
of array: (a) element pattern of V, (b) element pattern of
H, and (c) beam pattern in horizontal range..

III. DATA PROCESSING
A. 5G downlink signal extraction

The key of the passive sounding method is to uti-
lize the 5G downlink signal, which is transmitted from
the BS, to analyse the channel environment of 5G com-
mercial cellular network. Thus, how to extract the 5G
downlink signal efficiently and accurately is the prereq-
uisite to perform the channel measurement. According to
the 3rd generation partnership project (3GPP) physical
layer specifications [12], the 5G BS is supposed to trans-
mit several specific signals periodically over the cells,
e.g., SSB and channel state information reference signal
(CSI-RS).

The SSB signal, composed of the primary synchro-
nization signal (PSS), secondary synchronization signal
(SSS) and physical broadcast channel (PBCH), is the sig-
nificant broadcast signal of 5G network. 5G UE is able
to utilize the SSB signal to perform the time-frequency
resource synchronization, cell search and master infor-
mation block (MIB) acquisition. Each SSB consists of
four consecutive orthogonal frequency division multi-
plexing (OFDM) symbols in time domain and twenty
consecutive resource blocks (RBs) in frequency domain.
The more details of SSB generation and transmission can
be found in 3GPP technical specifications [12].

The extraction of SSB can be summarized as a three-
step procedure. Firstly, determine the primary cell iden-
tify (PCI) and secondary cell identify (SCI) of serving
cell by searching the peak of correlation between the
received signals and the candidate signals generated by
[12], e.g., PSS and SSS. Secondly, determine the SSB
pattern and SSB index of the received SSB signal to
obtain the location and sequence of demodulated refer-
ence signal (DMRS) for PBCH with the correlation-peak
searching algorithm. Finally, with the known DMRS of
PBCH, we can easily solve the MIB of serving cell by
performing the channel estimation and decoding. Figure
4 illustrates the magnitude and phase of channel fre-
quency response (CFR) of the extracted SSB burst, com-
posed of eight TDM distributed SSBs, for 5G current net-
work, respectively. It is indicated that the magnitude and
phase of CFR vary over different SSBs, since each SSB
is transmitted with different beam weights to cover dif-
ferent serving areas.
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Fig. 4. The (a) magnitude and (b) phase of CFR for dif-
ferent SSBs.
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As to acquire the channel state information between
BS and UE, 5G serving cell is supposed to transmit
channel state information reference signal (CSI-RS) to
the connected UE in a periodic or non-periodic manner.
The application of CSI-RS can be categorized as these
aspects: downlink channel state information acquisition,
beam management, fine time-frequency tracking, and
mobility management. Different from the SSB, the CSI-
RS can be configured as multiple resources and ports in
different multiplexing strategies, e.g., code division mul-
tiplexing (CDM). The configuration of CSI-RS for the
serving cell, such as time-frequency locations and scram-
bling identity, is determined by the RRC parameters.
However, acquiring the real-time RRC parameters of 5G
network is technically complicated. Thus, we adopt the
5G commercial UE to establish a RRC connection with
the serving cell, and then export the desired RRC param-
eters into our device. By combining the obtained RRC
parameters and MIB, we can readily acquire the CFR
of CSI-RS. Figure 5 illustrates the power delay profiler
(PDP) comparison between CSI-RS and SSB of the same
serving cell with the obtained CFR. It is indicated that
the PDP of CSI-RS contains more spikes and burrs com-
pared with that of SSB, since the bandwidth of CSI-RS,
i.e., 100 MHz, is much larger than that of SSB, i.e., 7.2
MHz. That is to say, CSI-RS is more suitable for chan-
nel measurement, due to its higher resolution of delay
domain.

(a)

(b)

Fig. 5. The PDP comparison between (a) CSI-RS and (b)
SSB.

B. Multipath parameter estimation
After obtaining the channel transfer function

between the BS and the sounder, it is crucial to anal-
yse the propagation characteristics of channel envi-
ronment. Many multi-dimensional parameter estimation
algorithms have been proposed to solve the multipath
component (MPC) parameters, e.g., maximum likeli-
hood (ML) algorithm. The space-alternating generalized
expectation-maximization (SAGE) algorithm [4], con-
sidered as a good choice for the low calculation complex-
ity and high estimation accuracy, is utilized to extract the
parameters of MPC in this paper.

Considering a stationary scenario, where the
Doppler frequency is assumed to be 0, the complete
observable signal of kth frequency bin can be formulated
as:

H(k) =
L

∑
l=1

s(k;θ l)+N(k), (1)

where N(k) denotes the zero-mean complex white Gaus-
sian noise. It is noted that only the MPC parameters
of receiver side can be resolved in the passive sound-
ing. Thus, we denote the MPC parameters of lth path as
θ l =

[
τl ,Ωl ,β

l
1,β

l
2
]
, where each notation denotes delay,

arrival angles including azimuth and zenith, and complex
coefficients of different polarizations. The contribution
of lth path can be formulated as:

s(k;θ l) =
2

∑
p=1

β
l
pα p (Ωl)e− j2π fkτl , (2)

where α p = [α1
p,α

2
p, ...,α

M
p ]T denotes the radiation pat-

tern of M antennas for different polarization.
By introducing of the expectation-maximization

(EM) concept [13], the SAGE algorithm is able to solve
the MPC parameters with a low calculation complexity
iteratively. The estimation of MPC parameter θ

′
l derived

by SAGE algorithm can be expressed as:(
θl

′)
ML = argmax

θl
′

(
f HD−1 f

)
, (3)
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Figure 6 illustrates the estimation result with the
SAGE algorithm, where the background denotes the esti-
mated power angular spectrum (PAS). The blue dots and
arrows denote the estimated paths and its polarization
directions. It is noted that the size of blue dot denotes the
power of estimated path. Four specular paths have been
resolved with the SAGE algorithm, and each of them
locates at the peak of estimated PAS. It is indicated that
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Fig. 6. The illustration of estimated MPC result with
SAGE algorithm.

the SAGE algorithm is able to extract the incident paths
from different arrival directions efficiently.

IV. RESULTS AND ANALYSIS
A. Measurement environment

The channel measurement campaign is carried out in
the office campus of China academy of information and
communications technology, located in Beijing, China.
Figure 7 illustrates the satellite photo of the measurement
environment. As shown in Fig. 7, this office campus is
a complicated UMa scenario, surrounded by 5 buildings
and 2 parking lots. It is noted that the red lines and letters
represent the measurement path. For instance, route AB
is the road in front of the building 3.

C

AB

D

E

F
G

Fig. 7. The satellite photo of measurement environment,
where the star denotes the building and the solid dot
denotes the parking lot.

The total measurement route is 530 m length, cover-
ing the main roads of this office campus. In this measure-
ment, total 53 points are measured with 10 m spacing and
10 channel segments are collected at each point. Finally,
a total of 530 channel segments are obtained. Moreover,
Table 1 lists the parameters of the measurement cam-
paign. It is noted that the CSI-RS is chosen to analyse

Table 1: Measurement parameters
Measurement Length 530m

Measurement Step 10m
Channel Segments 530
Frequency Band N41(2565MHz)

Subcarrier Spacing 30kHz
Bandwidth 100MHz

Signal to Analysis CSI-RS
CSI-RS Periodicity 20ms

the MPC parameters for propagation environment due to
its high resolution of delay domain.

B. Multipath parameters
As to illustrate the multipath extraction process

more deeply, two channel sounding results of typical
LOS and NLOS scenarios are provided in Fig. 8 and
Fig. 9, respectively. As depicted in Fig. 8 (a), the esti-
mated PAS of LOS scenario contains two specular peaks,
which contributes to the LOS path and ground reflection
path respectively, since these two PAS peaks have sim-
ilar horizontal angles but symmetrical elevation angles.
We can observe that the estimated paths locate in the
areas of estimated PAS with high power, implying that

(a)

(b)

Fig. 8. The extracted multipath result of LOS scenario:
(a) estimated PAS and paths, and (b) channel construc-
tion of PDP.
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(a)

(b)

Fig. 9. The extracted multipath result of NLOS scenario:
(a) estimated PAS and paths and (b) channel construction
of PDP.

the multipath extraction algorithm is quite effective over
the spatial domain. Moreover, it is noted that the polar-
ization direction of estimated path is omitted for the sake
of simplicity.

Figure 8 (b) indicates the channel construction
results in PDP domain, where the constructed channel
denotes the CIR generated with the estimated paths and
the residual channel denotes the subtraction of measured
and constructed channel. We can observe that the PDP
shapes of measured and constructed channel are quite
similar, indicating that the measured channel is recon-
structed well with the estimated multipath. Moreover,
the residual channel still exists in Fig. 8 (b), whose
PDP peak is 15 dB lower that that of measured chan-
nel, probably caused by the dense multipath component
(DMC) [14].

Figure 9 provides the extracted multipath result of
NLOS scenario. It can be indicated that the channel of
NLOS scenario has a more dispersive distribution over
spatial and delay domain, since the estimated PAS and
PDP spectrums have more peaks than that of LOS sce-
nario. Moreover, the measured channel can still be recon-
structed well with the estimated multipath, indicating
that we can extract the multipath efficiently both in LOS
and NLOS scenarios.

C. Path loss and shadow fading
The path loss (PL) and shadow fading (SF) are of

great significance to estimate the link budget and cov-
erage of 5G cellular network. In the passive sounding
framework, it is typically assumed that the transmis-
sion power of BS is constant. Thus, the receiving power,
which is the superposition of transmission power and
propagation loss, can be used to reflect the PL and SF
of wireless channel. In this paper, as to eliminate the
interference of neighbour cell, we adopted the power of
constructed power for CSI-RS, illustrated in Fig. 8 (b)
and Fig. 9 (b), as the receiving power of serving cell.
According to the close-in (CI) free space reference dis-
tance model, the PL and SF can be written as:

PL(d) = PL(d0)+10n log10

(
d
d0

)
+X(0,σ), (7)

where PL(d0) denotes the PL of reference distance in
dB, and n denotes the path loss exponent (PLE). More-
over, X , i.e., shadow fading factor, is a zero-mean Gaus-
sian random variable with a standard deviation σ , repre-
senting the large-scale signal fluctuations resulting from
shadowing by large obstructions of propagation environ-
ments.

Figure 10 illustrates the comparison between our
measured model, 3GPP model and free space model.
∆P = PL(d)− PL(d0), denoting the power difference
between the measured site with distance d and the ref-
erence site with distance d0, is adopted to model the PL
and SF of propagation environment, due to the lack of
absolute transmission power of BS [9]. In this campaign,
we chose measurement data located in the route EF to
analysis the PL and SF, composed of a total 60 measure-
ment segments. From the fitted model, we can solve the
PLE n = 2.602 and the standard deviation σ = 2.671.

Fig. 10. The comparison between the measured model,
3GPP model and free space model.
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Compared with the 3GPP model, i.e., n = 2.2, and free
space model, i.e., n = 2, the obtained PLE is a little
larger, since we adopt the planar distance between the BS
and measurement location. Moreover, the standard devi-

(a)

(b)

(c)

Fig. 11. The statistical characteristics of MPC parame-
ters: (a) RMS AOA spread, (b) RMS ZOA spread, and
(c) RMS delay spread.

ation σ is smaller than that of 3GPP model due to the
few obstacles existed in the measurement environment.

D. RMS spreads
The root mean square (RMS) spread of extracted

MPC parameters is further discussed with the obtained
SAGE results to analyse the statistical characteristics of
channel environment for measured scenario. The RMS
spread of MPC parameter can be calculated as:

xrms =

√
∑

L
l=1 (xl − xmean)

2 Pl

∑
L
l=1 Pl

, (8)

xmean =
∑

L
l=1 Plxl

∑
L
l=1 Pl

, (9)

where Pl denotes the power of each path [15]. It is noted
that x can be be substituted for other MPC parameters,
i.e., azimuth of arrival (AOA) angle, zenith of arrival
(ZOA) angle, and delay.

As depicted in Fig. 11, the calculated RMS spread of
MPC parameters in logarithmic form for LOS and NLOS
scenarios can be well fitted with the normal distribution.
It can be observed that the RMS spread of NLOS sce-
nario is larger than that of LOS scenario, due to more
scatters and reflectors of propagation environment. That
also can be illustrated in Fig. 8 and Fig. 9 that the MPC
parameters of NLOS scenario have a more dispersive dis-
tribution over spatial and delay domains.

Table 2 lists the comparison between the calculated
mean value µ and standard deviation δ and those pre-
sented in 3GPP 38.901 [16]. It shows that our results
are commonly smaller than those of 3GPP, probably due
to the effect of beamforming from 5G BS. According
to 3GPP specifications, 5G BS is supposed to focus the
transmit power on one or several directions, i.e., beam-
forming, to compensate the propagation path loss. That is
to say, the recorded channel is actually the integration of
beamforming effect from 5G BS and physical propaga-
tion environment, resulting in smaller spreads of spatial
and delay domains.

Table 2: The comparison of RMS spread between mea-
surement and 3GPP[16] results

RMS Spread Measured 3GPP
LOS NLOS LOS NLOS

ASA µ(log10(◦)) 1.366 1.621 1.81 1.96
δ (log10(◦)) 0.450 0.285 0.20 0.11

ESA µ(log10(◦)) 1.028 1.173 0.95 1.38
δ (log10(◦)) 0.179 0.275 0.16 0.16

Delay µ(log10(s)) -7.90 -7.36 -7.03 -6.44
δ (log10(s)) 0.502 0.502 0.66 0.39

V. CONCLUSION
In this paper, a channel sounding system avail-

able for 5G cellular network based on passive sounding
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method is proposed to analyse the channel character-
istics of realistic commercial network. This system,
which regards the 5G BS as the transmitter, is able to
receive and decode the 5G downlink signal with the
TDM scheme. Based on the decoded 5G downlink sig-
nal, e.g., SSB and CSI-RS, the proposed system can
extract the MPC parameters between the 5G BS and the
sounder with the SAGE algorithm. Moreover, a measure-
ment campaign is carried out at a typical office cam-
pus. The measured results indicate that the proposed sys-
tem is able to capture the channel characteristic of 5G
network.
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