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Abstract—Reconfigurable intelligent surfaces (RISs) have at-
tracted increasing interest from both academia and industry,
thanks to their unique features on controlling electromagnetic
(EM) waves. Although theoretical models for RIS-empowered
communications have covered a variety of applications, yet, very
few papers have investigated the modeling of real propagation
characteristics. In this paper, we fill this gap by providing an
empirical statistical channel model to describe the small-scale
channel variations for an RIS-assisted broadband system at 2.6
GHz. Based on real channel measurements in outdoor, indoor
and outdoor-to-indoor (O2I) environments, we compare and
analyze the global, inter-cluster and intra-cluster parameters.
Measurement results indicate that the deployment of an RIS
with proper phase configurations can significantly improve the
channel quality by enhancing the K-factor and reducing the time
dispersion. The small-scale fading is well characterized by the
proposed statistical model and the empirical channel parameters.
These results are essential for the design of emerging RIS-assisted
wireless systems for future applications.

Index Terms—K-factor, RIS, small-scale fading, statistical
channel model.

I. INTRODUCTION

Reconfigurable intelligent surface (RIS) has recently been

considered as one of the promising solutions for underpinning

the future of wireless communications [1]–[3]. Generally, an

RIS refers to a nearly-passive two-dimensional metasurface,
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where several programmable unit cells are embedded periodi-

cally [4]–[6]. By independently acting as diffuse scatterers but

jointly performing beamforming in a desired direction, these

unit cells can be regarded as an energy-efficient alternative to

large-scale multiple-input multiple-output (MIMO) systems.

Thanks to their ability of controlling the propagation of

electromagnetic (EM) waves in an adaptive manner, RISs can

improve the channel quality or even shape a communication-

friendly channel [7]–[9].

Up to now, there have been some works developing de-

terministic and statistical channel models. The RIS-aided

bipartite cascaded Rician channel was introduced in [10]. It is

constituted by the transmitter (Tx)-RIS and RIS-receiver (Rx)

channels having different K-factors (KFs). The authors of [10]

derived a tight upper bound on the ergodic spectral efficiency.

In [11], a three-dimensional (3D) geometry-based stochastic

model (GBSM), inspired by the existing 3GPP standardized

modeling framework, was generalized for application to RIS-

assisted channels. In particular, the traditional Tx-Rx small-

scale fading parameters were extrapolated for application to

an RIS cascaded channel. Based on a 3D cylindrical model,

the authors of [12] proposed a theoretical 3D RIS-assisted

MIMO channel model, which considered line-of-sight (LOS)

as well as the single-bounced and double-bounced modes.

Surprisingly, although the theoretical modeling of RIS-aided

channels has been investigated in the literature, the empirical

characterization of small-scale fading based on real measure-

ments has not been reported.

In this study, we investigate the small-scale statistical chan-

nel characteristics of an RIS-assisted wireless system based

on a channel measurement campaign performed at 2.6 GHz.

Three typical communication scenarios, including outdoor,

indoor and outdoor-to-indoor (O2I) environments, are con-

sidered. In each scenario, three propagation modes, including

intelligent reflection with RIS (IRWR), specular reflection with

RIS (SRWR), and without RIS (WR), are investigated. We

formulate a statistical channel model for describing the small-

scale propagation behavior of EM waves. Then, based on

the measured channel data, we characterize the global, inter-

cluster, and intra-cluster statistics. It is found that the KF of

the IRWR mode is greatly higher, compared to the SRWR

and WR modes. Moreover, the root mean square delay spread

(RMS DS) of a cluster is evaluated, unveiling that the IRWR

mode can effectively focus the signal energy and reduce the

time dispersion.

http://arxiv.org/abs/2310.13266v3
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Fig. 1. Schematic diagram of the channel measurements.

II. MEASUREMENTS OF RIS-ASSISTED CHANNELS

In this paper, we focus on an RIS-assisted single-input

single-output (SISO) system. The direct link between the

Tx and Rx is in non-line-of-sight (NLOS), and the RIS is

deployed to establish a virtual cascaded LOS link. However,

in real environments, a number of multi-path components

(MPCs) are also created due to the presence of reflections

or scattering, which need to be characterized. In this section,

we describe a channel measurement campaign, which was

conducted in various scenarios, to investigate RIS-assisted

NLOS communications.

A. Channel measurement campaign

The measurement system is comprised of a vector network

analyzer (VNA), a power amplifier (PA), a low noise amplifier

(LNA), radio frequency (RF) cables, and two directional horn

antennas, as well as a fabricated RIS with central frequency

of 2.6 GHz. The RIS is comprised of 32 unit cells per column

and 16 unit cells per row, with a physical size of 1.6 m × 0.8

m. Each unit cell can be independently programmed with a

1-bit phase resolution, i.e., it has two coding states identified

by the coding “0” and coding “1”, which correspond to the

PIN diode being in the “off” state and “on” state, respectively.

A 190 MHz bandwidth signal ranging from 2.5 GHz to 2.69

GHz, with 191 scanning points included, is selected as the

broadband signal. The port 1 of the VNA is used to transmit

the signal and the port 2 to receive the signal. The scattering

parameter S21 is collected as the channel transfer function

(CTF) in the frequency domain.

As shown in Fig. 1, the channel measurements for the

RIS-assisted SISO system are conducted in three scenarios,

including the outdoor, indoor, and O2I environments, in the

Jiulonghu Campus of Southeast University, in Nanjing, China.

The outdoor measurement is conducted at the building corner

next to the Teaching Building No. 8. In this scenario, the Tx

and Rx are placed at the east and south sides of the building

respectively, so that the communication links is in NLOS, due

to the blockage by the exterior wall of the building. The RIS is

deployed at the corner of the building to improve the coverage.

The indoor measurement is carried out in the corridor on the

first floor of the Teaching Building No. 2, where both sides of

the corridor are perpendicular to each other, i.e., the link is in

NLOS. In this scenario, the Tx and Rx are placed in the south-

north corridor and the east-west corridor respectively, and the

RIS is deployed at the intersection of these two corridors. The

O2I measurement is conducted in the classroom on the first

floor of the Teaching Building No. 7, where the Tx is fixed

outside the classroom and faces the front door, which is kept

open during the measurements. The Rx is moved along the left

aisle and right aisle in the classroom, and the RIS is deployed

at the intersection of the Tx-front door line and the left aisle.

Let θt and θr denote the angle of arrival from the Tx to RIS

and the angle of departure from the RIS to Rx, respectively.

In particular, for the channel measurements in the outdoor and

indoor scenarios, we have θt = θr = 45◦, which means that

the Tx and Rx are located at the mirror positions with respect

to the RIS. The start and end measurement distances from the

Tx to RIS as well as the start and end measurement distances

from the RIS to Rx are 5 m, 18 m, 5 m, 18 m respectively,

with a step of 1 m. Therefore, 14 × 14 = 196 points are

measured in each of these two scenarios. In the O2I scenario,

the positions of the Tx and RIS are fixed at a distance of 9 m

between them and θt = 45◦. Meanwhile, in the left aisle, we

have θr = θt = 45◦, and the start and end distances from the

RIS to Rx are 2.26 m and 10.26 m respectively. In the right

aisle, we have θr 6= θt, and the start and end distances are 2.26
m and 10.26 m, which denote the perpendicular distance from

the Rx to the Tx-RIS line. In both the left and right aisles, the

movement step of the Rx is 1 m. As a consequence, 9+9 = 18
points are measured in the O2I scenario.

In each scenario, we consider three propagation modes:

IRWR, SRWR, and WR modes. In the IRWR mode, the

RIS performs phase optimization according to the “Dynamic

Threshold Phase Quantization (DTPQ)” coding scheme [13],

to focus the signal energy towards the intended location. In the

SRWR mode, the RIS does not perform phase optimization

and all the unit cells of the RIS are uniformly configured to

the coding state “0”, which can be viewed as the equivalent of

an equal-sized metal plate [14], [15]. In the WR mode, the RIS

is removed, and the other measurement configurations remain

unchanged, and, hence, only the inherent NLOS link between

the Tx and Rx exists. A detailed description of the channel

measurement campaign can be found in [16].

B. Measurement data post-processing

The data S21 collected by the VNA is denoted by HV (f),
and it accounts for the channel response H(f), the Tx antenna

response Gt(f), the Rx antenna response Gr(f), and the sys-

tem response G(f). Thus, through a back-to-back calibration,

the channel response H(f) is given by

H(f) = HV (f)/(G(f)Gt(f)Gr(f)). (1)
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Then, the channel impulse response (CIR) in the time domain

can be calculated by the inverse Fourier transform, as follows:

h(t, τ) = IFT(H(f)×Whann), (2)

where IFT(·) denotes the inverse Fourier transform, and

Whann represents the Hanning-window. Then, the power delay

profile (PDP) is calculated by

PDP = |h(t, τ)|2. (3)

The noise may be included in (2) and (3), thus, the actual CIR

and PDP need to be estimated by detecting valid MPCs and

eliminating the noise. The detection method can be found in

[16], and is omitted here due to space limitations.

III. STATISTICAL MODELING OF RIS-ASSISTED CHANNELS

In this section, we propose a temporal small-scale chan-

nel model, encompassing global, cluster-level and ray-level

parameters, to characterize the CIR for the considered RIS-

assisted wireless channel. Also, the inter-cluster and intra-

cluster statistics of the proposed model are characterized.

A. Small-scale channel model

The small-scale channel characterization has been inher-

ently integrated into previous 3D statistical channel models

(see for instance [17] and references therein). In general,

statistical channel models utilize the GBSM, which can capture

the fast-fading channel characteristics. Considering the many

unit cells on an RIS, its propagation behavior can be viewed

as equivalent to that of a massive MIMO system. Thus, based

on the WINNER II and Saleh-Valenzuela (SV) models, we

represent the CIR of the RIS-assisted channel as

h(t, τ) =

√
K(t)

K(t) + 1
hLOS(t)δ(t − τLOS(t))

+

√
1

K(t) + 1

M∑

m=1

Nm∑

n=1

hm,n(t)δ(t− τm(t)− τm,n(t))

+

P∑

p=1

Qp∑

q=1

hp,q(t)δ(t− τp(t)− τp,q(t)).

(4)

In (4), the RIS-assisted channel is divided into three terms.1

The first term is the cascaded virtual LOS component of the

Tx-RIS-Rx link, where K(t) is the Rician KF,2 hLOS(t) is

the amplitude of the cascaded virtual LOS component, while

τLOS(t) is the delay of this cascaded LOS component. The

second term denotes the RIS-related MPCs generated from

the undesired diffuse scattering in the Tx-RIS link and/or the

RIS-Rx link, where M and Nm are the number of clusters

and the number of rays in the mth cluster, respectively, τm(t)
is the delay of the mth cluster, hm,n(t) is the amplitude of

the nth ray within the mth cluster, and τm,n(t) denotes its

delay. The third term indicates the inherent NLOS MPCs of

the Tx-Rx link, which are not reflected by the RIS, where P
and Qp are the number of clusters and the number of rays

in the pth cluster, respectively, τp(t) is the delay of the pth

cluster, hp,q(t) is the amplitude of the qth ray within the pth

cluster, with τm,n(t) denoting its delay.

By recalling that the inherent NLOS MPCs of the Tx-Rx

link are usually weak, as Fig. 13 in [16] showcases, these

stochastic MPCs in the third term of (4) can be neglected to

make (4) easier to understand. Then, for RIS-assisted NLOS

communications, a simplified expression of (4) can be written

as given in (5), which is utilized for the subsequent parameter

analysis based on the channel measurement data:

h(t, τ) =

√
K(t)

K(t) + 1
hLOS(t)δ(t− τLOS(t))

+

√
1

K(t) + 1

M∑

m=1

Nm∑

n=1

hm,n(t)δ(t− τm(t)− τm,n(t)).

(5)

1In RIS-assisted systems, more subtle channel classifications may be
needed, including the Tx-RIS sub-channel and RIS-Rx sub-channel. However,
due to the nearly passive nature of RISs, the parameters of these sub-channels
are difficult to be directly observed or measured, requiring more advanced
estimation algorithms. This is left to future research work.

2The KF generally refers to the power ratio between the deterministic
component and the stochastic components, e.g., the KF can be nonzero in
a completely NLOS link. In this paper, the KFs represent the power ratio
between the virtual LOS link and the RIS-related MPCs in the IRWR and
SRWR modes, and the power ratio between the main reflected path and the
other MPCs in the WR mode.
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B. Inter-cluster parameters

In this subsection, the K-means algorithm [18] is utilized for

clustering the time-domain MPCs. Traditionally, the K-means

algorithm requires to pre-set the number of clusters, whereas

this number could change at different measured positions.

Therefore, we choose a range of 1 ∼ 4 for the number

of clusters, considering its maximum number is less than 4

by visually examining the PDPs. The Silhouette Coefficient

(SC) is selected as the evaluation index for the clustering

results so as to obtain the optimal number of clusters. Note

that SC ∈ [−1, 1], and the larger its value is, the better

the clustering performance of the K-means algorithm is. As

exemplified in Fig. 2, the SCs of the four clustering modes

are {NaN, 0.78, 0.73, 0.74}, whose maximum value is 0.78.

Thus, in this case, the appropriate number of clusters is

assumed to be 2.

Based on the obtained clustering results, the inter-cluster

statistical parameters including the average number of clusters,

cluster arrival rate, cluster arrival time, and cluster power

decay rate, are investigated. The arrival cluster is assumed to

be a Poisson process, where the cluster arrival time, defined

as the relative delay difference between two adjacent cluster

centers, is modeled by an exponential distribution. The cluster

arrival rate is approximated by the inverse of the mean cluster

arrival time. The MPC with the highest amplitude within each

cluster is selected as its cluster center. The cluster power decay

rate is defined as an exponentially decaying function of the

amplitudes of the cluster centers.

C. Intra-cluster parameters

In this subsection, the individual rays in each cluster are

identified. The intra-cluster statistical characteristics, including

the average number of rays, ray arrival rate, ray power decay

time, and intra-cluster RMS DS, are also evaluated.

The intra-cluster ray model proposed in [19] is used.

We consider that the mth cluster in the time domain

is constituted of a central ray α(m,0), a pre-cursor ray

set
{
α(m,−Npre), ..., α(m,−1)

}
, and a post-cursor ray set{

α(m,1), ..., α(m,Npost)
}

, as demonstrated in Fig. 2. In detail,

the ray with the highest amplitude in the cluster is selected

as the central ray α(m,0). We model the pre-cursor and post-

cursor rays as two Poisson processes with arrival rates λpre

and λpost, respectively. The amplitudes Apre and Apost of the

pre-cursor and post-cursor rays are modeled as exponential

functions, with γpre and γpost denoting their power decay time

respectively, as follows:

Apre(τ) = Apre(0)e
τ̃/γpre , (6)

Apost(τ) = Apost(0)e
−τ̃/γpost , (7)

where τ̃ denotes the relative delay of the rays with respect to

the cluster center, with τ̃ = 0 at the central ray α(m,0).

To describe the time-domain shape of the arriving cluster,

the intra-cluster RMS DS for the mth cluster is defined as

τRMS =

√√√√
∑Nm

n=1 |hm,n|
2τm,n

2

∑Nm

n=1 |hm,n|
2

−

(∑Nm

n=1 |hm,n|
2τm,n∑Nm

n=1 |hm,n|
2

)2

.

(8)
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IV. MEASUREMENT RESULTS AND ANALYSES

Based on the measured channel data in the considered three

scenarios, the time-domain statistical small-scale behavior is

characterized and analyzed in this section. Considering the

large measured bandwidth in the sub-6 GHz band, a high delay

resolution is ensured for observing in good detail the behavior

of the clusters and rays.

A. Global parameters

The global KFs for the three propagation modes are given in

Table I, which are fitted to the Gaussian distribution N(µ, σ2).
The moment-based estimation method for the KF in [20] is

used, according to which the wideband channel is divided

into different narrowband fading realizations. The measured

bandwidth of 190 MHz is divided into 19 non-overlapping

subbands with each bandwidth of 10 MHz. From Table I, the

KF is significantly improved for the IRWR mode, whose mean

values are 15.7 dB, 12 dB, 20 dB, 16.8 dB, compared to 2.4
dB, 2 dB, 1.6 dB, and 4 dB for the WR mode, in the outdoor,

indoor, left aisle of O2I, and right aisle of O2I scenarios,
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respectively. Also, for the case θt = θr, the KF of the SRWR

mode is higher than the WR mode and lower than the IRWR

mode, yet it falls down to a comparable value to the WR mode

when θt 6= θr. In the IRWR mode, it is therefore apparent that

the signal energy is well focused and the KF is enhanced for

an arbitrary angle and distance.

In detail, Fig. 3 and Fig. 4 show the KFs in the outdoor

scenario (θt = θr) and in the right aisle of the O2I scenario

(θt 6= θr) respectively. In these figures, the KFs are well

described by Gaussian distributions, where Ki, Ks, and Kw

refer to the KFs for the IRWR, SRWR, and WR modes,

respectively. From Fig. 3, the KF of the IRWR mode is

higher than that of the SRWR mode, indicating a better

signal improvement capability, even though the Tx and Rx

are located in the mirror positions with respect to the RIS.

Moreover, the KF of the WR mode is the lowest. In Fig. 4, by

contrast, the KF of the SRWR mode decreases dramatically,

due to its poor beamforming capabilities when the Tx and

Rx are located at non-mirror positions with respect to the

RIS. These phenomena indicate the critical significance of a

proper deployment and phase configuration for the RIS, with

the DTPQ method adopted for the IRWR mode serving as a

candidate scheme.

B. Inter-cluster parameters

Considering the better performance provided by the IRWR

mode in RIS-assisted channels, its inter-cluster characteristics

are mainly analyzed in this subsection. The detailed inter-

cluster parameters are summarized in Table I. The average

number of clusters in the considered three scenarios is about

2, which indicates a weak MPC effect. This phenomenon may

originate from the relatively short measured distance, where

the scattering/reflection objects are sparse. This also accounts

for their high cluster arrival times of 126.5 ns, 179.68 ns, and

85.2 ns, respectively. The cluster arrival rates are 0.008 1/ns,

0.006 1/ns, 0.012 1/ns and the cluster power decay rates are

0.03 ns, 0.03 ns, 0.05 ns, in the outdoor, indoor, and O2I

scenarios, respectively.

C. Intra-cluster parameters

Based on the clustered PDPs obtained for the IRWR mode,

as shown in Fig. 2, and by considering that Cluster 2 (including

Clusters 3 and 4, if they exist) is too weak, only the intra-

cluster parameters of Cluster 1 are analyzed in this subsection.

The measured rays of Cluster 1 and the fitting performance

are exemplified visually in Fig. 5, where we can see that both

the pre-cursor rays and post-cursor rays are well described by

exponential distributions.

The detailed intra-cluster parameters of Cluster 1 are shown

in Table I. The intra-cluster RMS DSs are demonstrated in

Fig. 6, which are compared across different modes and across

different scenarios, where τ iRMS , τsRMS , and τwRMS refer to the

intra-cluster RMS DSs for the IRWR, SRWR, and WR modes,

respectively. The mean values of the intra-cluster RMS DSs

are τ iRMS = 4.63 ns, τsRMS = 5.43 ns, and τwRMS = 21.53
ns in the outdoor scenario, τ iRMS = 4.41 ns, τsRMS = 5.46

TABLE I
SUMMARY OF THE SMALL-SCALE PARAMETERS.

Parameters
Outdoor

(θt = θr)
Indoor

(θt = θr)

O2I

Left aisle
(θt = θr)

Right aisle
(θt 6= θr)

Global KF

IRWR mode
µ 15.7 12 20 16.8
σ 4.6 4.2 2.9 2.4

SRWR mode
µ 14.4 10 13.8 3.3
σ 3.9 4 4.4 2.1

WR mode
µ 2.4 2 1.6 4
σ 3.7 3.5 2.2 2.4

Inter-cluster parameters for IRWR

Average number of clusters 2.3 2.2 2.4
Cluster arrival rate [1/ns] 0.008 0.006 0.012
Cluster arrival time [ns] 126.5 179.68 85.2

Cluster power decay rate [ns] 0.03 0.03 0.05

Intra-cluster parameters of Cluster 1 for IRWR

Average number of rays 47 52 34
RMS DS of cluster [ns] 4.63 4.41 3.64

Pre-cursor rays
Power decay time [ns] 5.62 5.56 6.58

Number of rays 16 16 12
Arrival rate [1/ns] 0.27 0.29 0.36

Post-cursor rays
Power decay time [ns] 6.31 7.09 6.39

Number of rays 30 35 21
Arrival rate [1/ns] 0.34 0.31 0.36
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ns, and τwRMS = 8.17 ns in the indoor scenario, as well as

τ iRMS = 3.64 ns, τsRMS = 12.31 ns, and τwRMS = 14.15 ns

in the O2I scenario, respectively. From Fig. 6, it can be seen

that the IRWR mode has the lowest mean values across the

three scenarios, indicating the weakest time dispersion. The

time dispersion for the SRWR mode is stronger than that for

the IRWR mode and weaker than that for the WR mode, when

θt = θr, as indicated for the outdoor and indoor scenarios. By

contrast, in the regions where θt 6= θr, the performance of the

SRWR mode becomes nearly equivalent with that of the WR

mode, as shown in Fig. 6.

V. CONCLUSION

In this study, based on empirical channel measurements,

we presented a statistical channel model to describe the

small-scale behavior of an RIS-assisted broadband system at

2.6 GHz. Three typical communication scenarios, including

outdoor, indoor and O2I, were taken into account. In each

scenario, three propagation modes, including IRWR, SRWR

and WR, were considered to investigate the impact of the

deployment of an RIS and its phase configuration on the prop-

agation channel. Multi-level fast-fading parameters including

global, inter-cluster and intra-cluster were investigated and

compared. Measurement results showcased that the IRWR

mode can significantly enhance the K-factor and mitigate

the time dispersion. The study indicated that the small-scale

behavior could be well characterized, by using the parameters

estimated from the empirical data. In terms of applications,

the results reported in this paper can be used as a reference

for the design of RIS-assisted wireless systems and channel

models in standardization working groups.
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