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ABSTRACT Propagation graph (PG) is a stochastic channel simulation method for scattering propagation.
In this article, an embedded-PG (EPG) approach, an extension of conventional PG, is proposed to simulate
reflection and scattering multi-path behaviors in wireless channels. In this method, multiple propagation
paths are categorized into scattering-path, reflecting-path, and scattering-reflecting mixed paths among
reflectors and scatterers. The matrix recursive formula of conventional PG modeling is used to calculate
scattering-path, a recursive mathematical transformation is applied to adapt reflecting-path into the recursive
formula, and an embedded graph method is used to decompose mixed-path into scattering effects and
reflection effects. The proposed simulation approach is validated by comparison with conventional PG and
measurement in 39 GHz millimeter-wave (mm-wave) time-variant corridor scenario. Power delay profiles
(PDPs) and spatial consistency of multiple paths observed in concatenated-PDPs (CPDPs) obtained by
EPG are more consistent with measurement than conventional PG, differences of mean delay and delay
spread between simulations and measurement in typical snapshots are within 3 ns and 1.5 ns, respectively.

INDEX TERMS Channel modeling, channel simulation, millimeter-wave channel, reflection-embedded
propagation graph, time-variant channel.

I. INTRODUCTION

DESIGN of algorithm and performance optimization for
next generation of wireless communication systems

become research focus both in the academia and indus-
try, owing to the rapid increase in the need of channel
bandwidth and data rate [1]–[3]. Channel modeling of
millimeter-wave (mm-wave) is essential for 5G and beyond
wireless communication systems [4]. There are two typ-
ical approaches to characterizing parameters of channel
modeling, i.e., measurement-based and simulation-based [5].
However, measurement-based channel models concentrate on
statistical behaviors, which require abundant experimental

data [6]. Meanwhile, challenges in carrying out field mea-
surements increase drastically in mm-wave bands, so as the
deployment costs. As a result, an accurate and efficient
simulation-based method is of great necessity for mm-wave
and higher-frequency band channels.
Geometry-based channel simulation tools have a signifi-

cant advantage on predicting the specific propagating path in
space and spatial information over other simulation methods,
e.g., room electro-magnetics. With those information, it is
possible to study the the spatial consistency and space-time
randomness of channels, multi-path clustering and so on.
The most widely used geometry-based channel simulation
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TABLE 1. Summary of state-of-the-art geometry-based channel simulation algorithms.

methods are Ray-tracing (RT) [7], [8] and Propagation-
graph (PG) model proposed in a recent decade [9], [10].
RT is a deterministic simulation tool, which makes use of
image method to calculate geometrical optic rays of waves
propagate along paths involving reflection [11], [12]. It is
worthy mentioning that some commercial softwares of RT
also include other basic propagation mechanisms, such as
scattering and diffraction [13]–[15]. However, the shortages
of RT are: (1) there is a high time and resource consumption
for high order reflection calculations; (2) it is hard to include
reverberating effects of different propagation mechanisms.
The PG is a stochastic simulation method, which mainly

makes use of the topology structure of directed graph [16] to
calculate the effect of wave propagation along paths involv-
ing scattering in matrices with a significant advantage in
the reduction of computational compexity [17], [18]. For
this reason, the PG model has been widely applied in chan-
nel simulations of variant scenarios after being originally
proposed. For indoor and outdoor scenarios, the PG the-
ory was used to predict closed room reverberating effects
and exponential power decay [19], [20], human block-
age and doppler frequency of ultra wide band (UWB)
channel [21], and high speed train channels [22]. For multi-
room channel predictions, PG and Rays were combined
in [23], and an iterative transfer matrix computation method
was used for acceleration in [24]. Furthermore, PG even
showed interesting results in analyzing characteristics and
channel capacity of Multiple-input-multiple-output (MIMO)
systems [25].
Due to the efficiency and flexibility of PG, researchers

contributed themselves to modifying the model by including
reflection [18] and diffraction effects [26], which are also
considered as the three basic propagation mechanisms along
with scattering [27]–[29]. The most commonly used method
is hybrid model, which combines PG and RT [30]–[32].

The main difference of [30], [31], and [32] is the calcula-
tion of scattering coefficients. Time efficiency of these two
simulation algorithms were studied and compared in [30],
which revealed that time consumption of PG grows lin-
early as bouncing order of wave increases, while that of
RT grows exponentially, hence PG model owns obviously
better performance on time consumption than RT when the
reflection order is larger than three. A Summary of literature
review is listed in Table 1.
To overcome the shortages of conventional PG mentioned

in Table 1, a so-called embedded propagation graph (EPG)
is proposed that can be used to predict wireless propagation
channels with the capability of calculating both reflecting
and scattering components. It may provide powerful tools
for channel researches, e.g., multi-path clustering analysis
in wireless channel, high frequency channel predictions, and
other applications like radio based localizations.
Since EPG is an extension of conventional PG model, on

the one hand, it inherits good time consumption of matrices
calculation from PG; on the other hand, the accuracy is
improved by considering reflection effects and reverberating
effects of scattering and reflection. The technical novelties
of the proposed algorithm can be concluded as:
1) Use PG model to calculate reflection effects in radio

channel by applying a linear mathematic transformation to
adapt the multi-bounce reflection into the recursive matrices
formula.
2) Use embedded PG model to compute the reverberat-

ing paths between reflection and scattering by exploiting an
embedded method to decompose the reverberating paths into
scattering-path and reflecting-path.
3) Evaluate the newly proposed EPG in a time-varying

scenario using mm-wave frequency band.
The remaining parts of this article are arranged as follows:

Section II introduces the methodology of EPG. Section III
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FIGURE 1. Vertices illustration for conventional PG model.

describes the procedure of EPG. The simulation results of
EPG and its validation. Finally, conclusive remarks are given
in Section IV.

II. METHODOLOGY
A. REVISIT OF SCATTERING PROPAGATION GRAPH
THEORY AND ITS MODIFICATION
A wireless communication system generally contains trans-
mitters (Txs), receivers (Rxs), and environment that
wave propagating through. The conventional PG proposed
in [19], [20] is based on the assumption that the environ-
ment is discretized as scattering points. Scattering points,
Txs, and Rxs are regarded as vertices Vs, VT , and VR in a
propagation graph, respectively, as Fig. 1 shows. The paths
among these vertices are defined as edges εd, εTs, εRs, and
εss, which represent edges of VT to VR, VT to Vs, Vs to VR,
and Vs to Vs, respectively.
The transfer coefficient of a propagation edge connecting

two vertices in the graph can be expressed as

Ae(f ) =| ge(f ) | · exp(−j2π f τe + jφ), (1)

where f is the carrier frequency of signal, φ can be regarded
as a random variable following uniform distribution on the
interval [0, 2π ), |ge(f )| is the edge gain, which can be
defined as

|ge(f )|2 =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(
c

4πτef

)2

, e ∈ εd

1

4π fμ(εTs)

· τe
−2

S(εTs)
, e ∈ εTs

1

4π fμ(εRs)

· τe
−2

S(εRs)
, e ∈ εRs

g2

odi(e)2
, e ∈ εss

(2)

where odi(e) denotes the out degree of the corresponding
scatterers, and for any edges belong to ε

μ(ε) = 1

|ε|
∑

e=ε

τe and S(ε) =
∑

e∈ε

τe
−2, (3)

FIGURE 2. Transfer matrices model for conventional PG computation.

in which

τe = de
c

with de = |rv − rv′ |, (4)

where c is the speed of light, |.| denotes two dimensional
norm, rv and rv′ denote position vectors of vertices of any
edges.
Then, define D(f ), T(f ), R(f ), and B(f ) denote the transfer

matrices from vertices VT to VR, from VT to Vs, from Vs
to VR, and from Vs to Vs, respectively, the transfer matrices
model is illustrated by Fig. 2. The channel transfer function
can be calculated as [20]

H(f ) = D(f ) + R(f )
[
I + B(f ) + · · · + Bn(f )

]
T(f )

= D(f ) + R(f )
[
I − B(f )

]−1T(f ), (5)

where I is identity matrix. The PG model can evaluate the
effects of infinite-bounce among scatterers by calculating a
matrix inverse.
The term odi(e) in Eq. (2) ensures that the total out-

bounding power does not exceed the input power, however, it
also results in the transmitting power is uniformly distributed
to other scatterers. For this reason, a semi-deterministic
approach is proposed to modify the edge gain in [30], [31] as

|ge(f )|2 =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(
c

4πdef

)2

, e ∈ εd

dS · cos(θi)
4πd2

e
, e ∈ εTs

S2 · cos(θs)
πd2

e
· c2

4π f 2
, e ∈ εRs

S2 · dS · cos(θi2)cos(θs1)
πd2

e
, e ∈ εss

(6)

where S represents the scattering loss, dS denotes the area of
the small tile at scatterers, θi represents the angle between
incident direction of a wave and the normal vector of a
scattering surface, θs represents the angle between scattering
direction of a wave and the normal vector of a scattering
surface. It is verified by measurement that the modified edges
gains obtain a better accuracy than conventional PG model.
Thus, the modified edge gains is applied for the proposed
EPG in this article.
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FIGURE 3. Transfer matrices model for EPG computation.

B. CALCULATION OF REFLECTION PROPAGATION
GRAPH
Define a new Reflection Propagation Graph (RPG) which
contains only Txs, Rxs and reflectors. To discretize them
into vertices as VT , VR and Vr, then the transfer matrices
model can be illustrated as Fig. 3. The paths among these
vertices are defined as εd, εTr, εRr and εrr, which represent
edges from VT to VR, VT to Vr, Vr to VR, and Vr to Vr,
respectively.
The Line-of-sight (LoS) paths of RPG can be calculated

as the same method of PG. For simplification, only introduce
Non-LoS (NLoS) paths in the following discussion.

1) ANALYSIS OF EDGE GAINS FOR REFLECTION AND
SCATTERING

For multiple scattering propagation, the edge gain contains
a product of distances multiplication. For example, the Friis
equation in [34] describes received power gain after bouncing
sequentially with n scatterers named No. 1, 2, . . . , (n + 1),
i.e., the radio wave propagating through n edges can be
calculated as

Pn+1 = P1 · Sn ·
(

λ

4π(d1 · d2 · · · · · dn)
)2

, (7)

where Pn+1 represents the received power, P1 is the trans-
mitted power, dn denotes the distance between the NO.n to
the NO.(n+1) scatterer. Thus, the scattering matrices B(f )n

can be used to calculate the overall transfer matrix of signal
scattering n times among the scatterers.

However, for reflection, the received power after reflect-
ing through (n+ 1) reflectors contains a factor of distances
addition [34], i.e., radio wave propagating through n edges
can be calculated as

Pn+1 = P1 · Rn
(

λ

4π(d1 + d2 + · · · + dn)

)2

, (8)

where R is polarimetric reflection loss [35]. Equation (8)
shows that the power gain for multiple-reflection is depen-
dent on the additive distances of all the paths. Since
distance-factor can not be multiplied sequentially, the con-
tinuous matrices multiplication of PG are hard to be directly
used for calculating the effect of n-bounce reflection. To

adapt the reflection in the framework of conventional PG
iterative matrices operation, we have to calculate distance
factors separately.

2) FACTORIZATION OF EDGE GAINS OF RPG

The propagation gain for any edges can be factorized into
gain-factor and distance-factor, i.e.,

|ge(f )|2 = ∣
∣ggain(f )

∣
∣2 · ∣

∣gpath
∣
∣2

, (9)

where gain-factor ggain(f ) can be calculated based on
Eq. (6) as

∣
∣ggain(f )

∣
∣2 =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

dS · cos(θi)
4π

, e ∈ εTr

S2 · cos(θs)
π

· c2

4π f 2
, e ∈ εRr

S2 · dS · cos(θi2)cos(θs1)
π

, e ∈ εrr

(10)

and gpath contains the edge distance-factor, we proposed a
recursive mathematical transformation to calculate it.

3) A MATHEMATICAL TRANSFORMATION FOR
N-BOUNCE REFLECTION

Continuous addition of distance Dn is defined as
{
Dn = 1

d1+d2+···+dn , n ≥ 2

D1 = 1
d1

, n = 1
(11)

Applying the following manipulation, we can obtain a
sequential approach for calculating Dn based on Dn−1 as:

Dn = 1

d1 + d2 + · · · + dn−1
· 1

1 + dn
d1+d2+···+dn−1

= Dn−1 · 1

1 + Dn−1dn

= Dn−1 · 1

d′
n

(12)

with d′
n defined as the so-called equivalent distance

d′
n � 1 + Dn−1 · dn, n ≥ 2. (13)

Then using the mathematical transformation of Eq. (11),
once the distances between vertices in the propagation graph
are determined, the new distance d′

n can be calculated
sequentially by Dn−1 and dn.

4) CALCULATION OF DISTANCE-FACTOR GPATH OF RPG

(1) For one-bounce reflection, the propagation paths are:
Tx → reflectors → Rx. The distances of Tx to reflectors, as
well as reflectors to Rx are known. Use dTr to denote the
distance matrix of Tx and reflectors, and dRr to denote the
distance matrix of Rx and reflectors. Apply (11) and (13),
we obtain

{
D1 = I

dTr
,

d′
2 = I + D1 · dRr. (14)
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Then gpath can be calculated as

∣
∣gpath

∣
∣ =

⎧
⎨

⎩

D1, e ∈ εTr
I
d′
2
. e ∈ εRr

(15)

(2) For multiple reflection, the number of the propagation
edges n ≥ 3. Tx and Rx are at two terminals, and the
propagated waves would interact with reflectors for (n− 1)

times. Use distance matrix drr to denote distances among
reflectors. We adapt drr,i to denote the distance of the ith to
the (i+ 1)th reflecting paths, i ∈ [1, n− 2]. Hence the edge
distance d2 · · · · · · dn−1 are sequentially equal to the distance
among reflectors drr,1, drr,1 · · · drr,(n−2), respectively. Apply
the transformation (11) and (13), the n-time reflection can
be represented as

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

D1 = I
dTr

,

· · ·
d′
n−1 = I + Dn−2 · dn−1 = I + Dn−2 · drr,(n−2),

Dn−1 = Dn−2 · I
d′
n−1

,

d′
n = I + Dn−1 · dn = I + Dn−1 · dRr.

(16)

Then, gpath can be calculated as

∣
∣gpath

∣
∣ =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

I
d′
n
. e ∈ εRr

D1, e ∈ εTr
I

d′
n−1

. e ∈ εrr

(17)

5) CALCULATION OF TRANSFER MATRICES AND
CHANNEL TRANSFER FUNCTION OF RPG

We use D(f ) ∈ C
1×1, Tr(f ) ∈ C

1×N , Rr(f ) ∈ C
N×1 and r(f )

∈ C
N×N to denote the transfer matrices between the vertices

VT and VR, VT and Vr, Vr and VR, Vr and Vr, respectively.
Moreover, Rrn(f ) ∈ C

N×1 is introduced to denote the trans-
fer matrix of reflectors to Rx after bouncing among reflectors
for n times, rn(f ) ∈ C

N×N to denote the transfer function
among reflectors after bouncing n times. Notice that rn(f )
is calculated sequentially based on the distance factor d′

n−1
in Eq. (17).
For the transfer matrix, we also consider it in two parts

as shown in (9), i.e., gain-factor and distance-factor.
Use Trgain(f ) to denote the gain-factor transfer matrix of

Tr(f ), Trdis to denote the distance-factor transfer matrix of
Tr(f ), then Tr(f ) can be calculated as

Tr(f ) = Trgain(f ) � Trdis, (18)

where � means Hadamard product of matrices, Trgain(f ) can
be generated as (10), Trdis can be generated as (15) and (17).
Similarly, we use rgain,n(f ) to denote the gain-factor trans-

fer matrix of rn(f ), rdis,n to denote the distance-factor transfer
matrix of rn(f ), then rn(f ) can be represented as

rn(f ) = rgain,n(f ) � rdis,n. (19)

Algorithm 1 Modeling Algorithm of Pure Reflection
Propagation Graph

Input: Geometrical information of scenario, electromag-
netic properties of major reflecting materials, radiation
pattern of antennas.
Output: Channel transfer function HRPG(f ).

Step 1: Divide surfaces into uniform small vertices, and
obtain locations of reflecting vertices, Txs and Rxs.
Step 2: Generate distance matrices dTr, dRr, and drr

based on locations in Step 1. Identify reflection paths
based on snell’ law. Then, calculate the iterative distance
matrices Drr,n and drr,n.

Step 3: Generate gain-factor matrices Trgain(f ),
rgain,n(f ), and Rrgain,n(f ).
Step 4: Generate distance-factor matrices Trdis(f ),

rdis,n(f ), and Rrdis,n(f ).
Step 5: Calculate transfer matrices Tr(f ), rn(f ), and

Rrn(f ). Obtain channel transfer function HRPG(f ).

The first part rgain,n(f ) can be obtained as

rgain,n(f ) = rgain,(n−1)(f )rgain(f )

= rgainn(f ), (20)

where entries in rgain(f ) can be generated as (10).
Use Rrgain,n(f ) to denote the gain-factor transfer matrix

of Rrn(f ), and Rrdis,n to denote the distance-factor transfer
matrix of Rrn(f ). Thus, Rrn(f ) can be represented as

Rrn(f ) = Rrgain,n(f ) � Rrdis,n, (21)

where the entries in Rrgain(f ) can be generated as Eq. (10),
Rrdis can be generated based on drr,n−1 according to Eq. (17)
and Eq. (24).
Finally, the NLoS part channel transfer function of RPG

can be obtained as

HRPG(f ) = Tr(f )Rr1(f ) +
∞∑

n=2

[
Tr(f )rn−1(f )Rrn(f )

]
. (22)

The implementation of RPG model can be summarized as
the following flowchart.
In Step2, to generate the distance-factor matrices rdis,n, it

is necessary to consider the following aspects:
1) The rdis,n is a sequentially result of the initial input

Trdis, rdis,1, rdis,2,. . . , and rdis,n−1.
2) Define Drr,n ∈ C

N×N to denote the intermediate
variable in (14) and (16).
3) Use matrix CrrCN×N to filter out the extra 1 elements

resulted from term (I + Dn−1) in Eq. (16).
Crr describes the relationship of every two reflectors, in

which 1 means existing reflection path between the two
reflectors and otherwise not. Define d ∈ C

N×N to denote the
Euclidean space distance of every two reflectors, which can
be obtained from digital map. So that the distance matrix of
reflectors with connectivity drr ∈ C

N×N can be calculated as

drr = d � Checkrr. (23)
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FIGURE 4. Diagram of PG with both Reflectors and Scatterers for Transfer function
computation.

Apply the formulation of (16) on distances matrices Drr,n
and drr, we obtain

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Drr,0 = [
TrdisT ;TrdisT · · ·TrdisT

]
,

drr,1 = (
I + Drr,0 � drr

) � Checkrr,
· · ·
drr,n−1 = (

I + Drr,n−2 · drr
) � Checkrrn−1,

Drr,n−1 = Drr,n−2 · I
drr,n−1

,

drr,n = (
I + Drr,n−1 · drr

) � Checkrrn,

(24)

where [.]T denotes transpose of matrices.
Then rdis,n can be calculated as

rdis,n = I
drr,n

. (25)

C. CALCULATION OF GRAPH WITH REFLECTORS AND
SCATTERERS USING EPG
1) TRANSFER FUNCTION MODEL OF FULL
PROPAGATION GRAPH

The EPG is expanded based on adding reflectors into the
conventional scattering graph. Similarly to the conventional
PG, we define the full propagation graph as shown in Fig. 4,
which contains M1 transmitters, M2 receivers, N1 scatter-
ers, and N2 reflectors. Then the transfer matrices can be
defined as

D(f ) ∈ C
M1×M2 : transmitters → receivers

Ts(f ) ∈ C
M1×N2 : transmitters → scatterers

s(f ) ∈ C
N2×N2 : transmitters → reflectors

Rs(f ) ∈ C
N2×M2 : scatterers → receivers

Rrn(f ) ∈ C
N1×M2 : reflectors → receivers

r(f ) ∈ C
N1×N1 : reflectors → reflectors

Tr(f ) ∈ C
M1×N1 : transmitters → reflectors

sr(f ) ∈ C
N2×N1 : reflectors → scatterers

rs(f ) ∈ C
N1×N2 : scatterers → reflectors.

Matrices D(f ), Ts(f ), s(f ) and Rs(f ) can be calculated
in similar manner as in Eq. (6). Matrices Rrn(f ), rn(f ) and

Tr(f ) can be calculated as using the RPG approach illustrated
in Eq. (18), (19) and (21), respectively.
Matrix sr(f ) and rs(f ) contain the so-called mixed paths,

which are reverberating bounces among reflectors and scat-
terers, i.e., the transfer matrix sr(f ) contains the signal flows
of the two components as

case 1 : Tx → reflectors → scatterers,

case 2 : Tx → scatterers → reflectors → scatterers,

and matrix rs(f ) contains signal flows of two components as

case 3 : Tx → scatterers → reflectors

case 4 : Tx → reflectors → scatterers → reflectors.

Signal flows of both case 1 and case 3 of matrices sr(f )
and rs(f ) are directly start from Tx, while the case 2 and
case 4 contain the so-called reverberating effects between
reflectors and scatterers.
The purpose of the following proposed embedded method

is to decouple the case 2 and case 4 signal flows from
matrices sr(f ) and rs(f ).

2) EMBEDDED METHOD

In case 2 of matrix sr(f ), the scatterers at two terminals can
be regarded as relay base stations. Then the sub-channel of
a full propagation channel with only reflectors and scatterers
can be illustrated in Fig. 5 (a), in which scatterers at two
sides are transmitters and receivers, s(f ) and rn(f ) are defined
in Fig. 4, sr1(f ) and rs1(f ) represent the transfer matrix
from reflectors to scatterers and from scatterers to reflectors,
respectively.
Then the effects of case 2 can be embedded into the the

embedded-scatterers transfer matrix ss(f ) as

ss(f ) = s(f ) +
∞∑

n=2

[
rs1(f )rn−1(f )sr1,n(f )

]
, (26)

where rn(f ) represents bouncing among reflectors for n times
and can be calculated by the manner of Eq. (19), sr1,n(f )
can be computed in the same way illustrated in Eq. (21).
In case 2 of matrix rs(f ), the reflectors at two terminals

illustrated in Fig. 5 (b) also can be regarded as relay base
stations. Applying the same formulation in Eq. (26), the
effects of case 2 can be embedded into the the embedded-
reflection transfer matrix rr(f ) as

rr(f ) = r(f ) +
∞∑

n=2

[
sr2(f )s

n−1(f )rs2(f )
]
, (27)

where sr2(f ) and rs2(f ) represent the transfer matrix from
reflectors to scatterers and from scatterers to reflectors in
Fig. 5 (b), respectively.
After embedded the reverberating effects of reflecting

and scattering into matrices ss(f ) and rr(f ), we only need
to consider components in case 1 of matrices sr(f ) and
rs(f ). Then, matrix sr(f ) can be calculated using the RPG
approach denoted in Eq. (18), (19) and (21). The edge gains
scatterers → reflectors in matrix rs(f ) can be calculated
using Eq. (21).
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FIGURE 5. Model for reflecting and scattering transfer function matrix.

3) CALCULATION OF CHANNEL TRANSFER FUNCTION
FOR EPG

The full propagation graph can be divided into three parts,
i.e., the LoS parts D(f ), the NLoS parts Hs(f ) and Hr(f ).
The NLoS parts, i.e., subgraph for wave of Hs(f ) and Hr(f ),
are illustrated in Fig. 6 (a) and (b), respectively.
The NLoS portion of channel transfer function Hs(f ) can

be calculated as

Hs(f ) = Tr(f )
∞∑

n=2

[
rrn−1(f )srn(f )

[
I − ss(f )

]−1 · Rs(f )
]

+ Ts(f )
[
I − ss(f )

]−1Rs(f ). (28)

The first part denotes the propagating flows: Tx →
reflectors → scatterers → Rx. The second part denotes the
propagating flows: Tx → scatterers → Rx.

The NLoS portion of channel transfer function Hr(f ) can
be calculated as

Hr(f ) =
∞∑

n=2

[
Ts(f )

[
I − ss(f )

]−1sr(f )rn−1(f )Rrn(f )
]

+
∞∑

n=2

[
Tr(f )rn−1(f )Rrn(f )

]
. (29)

FIGURE 6. Subgraph for NLoS parts.

The first part denotes the propagating flows: Tx →
scatterers → reflectors → Rx. The second part denotes the
propagating flows: Tx → reflectors → Rx.

Then, the total channel transfer function can be calculated
by superimposing these components as

H(f ) = D(f ) +Hr(f ) +Hs(f ). (30)

After all, the H(f ) includes line of sight propaga-
tion, reflecting-path, scattering-path, and reflecting-scattering
mixed paths.

III. MEASUREMENT-BASED PERFORMANCE
EVALUATION
A. MEASUREMENT CAMPAIGN
In this section, the EPG was evaluated by a millimeter-
wave (mm-wave) field measurement in a corridor scenario.
The channel sounder was constructed using a programmable
network analyzer (PNA), a computer, a storage disk, oscil-
lators, frequency doublers, amplifiers, band-pass filter and a
low noise amplifier. Detailed information about the channel
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TABLE 2. The parameters of measurement campaign.

FIGURE 7. The photo for the measurement environment of the corridor.

sounder can be found in [36], [37]. Two 39 GHz omni-
antennas were used in both Tx and Rx sides. Important
configuration parameters are reported in Table 2.
The measurement campaign is performed in a corridor

showed in Fig. 7.
The sketch map of the corridor is depicted in Fig. 8.
The Tx was fixed at one end and the Rx was on the trolley

which gradually departs forward along the route connecting
Site.7 to Site.1 in the sketch map showed by Fig. 8.

B. IMPLEMENTATION PROCEDURES OF EPG
Step 1 (Set Up Digital Map According to the Geometrical
Information of Environment): Divide the objects in the envi-
ronment into scatterers and reflectors according to surface
roughness.
In this corridor scenario, glass windows are discretized as

reflecting cells, whose area dS is 0.01 m2 with coefficient
0.2, while walls, floors, ceilings and handrails are discretized
as scattering cells, whose area dS is 0.04 m2 with coefficient
0.6. The parameters of mm-wave are justified in [15], [38]
and used in unified PG in [18]. For more accurate simula-
tion, the coefficients need to be calibrated with measurement
results, even machine learning can also be applied to modify
the coefficients [33].
Step 2 (Generate Transfer Matrix): Identify the scattering

paths and reflecting paths of every pair of vertices, e.g., Tx
and reflectors, reflectors and scatterers.
Fig. 9 and Fig. 10 illustrate one-bouncing scattering paths

and one-bouncing reflection paths from Tx to Rx of one
snapshot, respectively.
Then, calculate transfer matrices, i.e., D(f ), Tr(f ), Ts(f ),

s(f ), sr(f ), Rs(f ), r(f ), rs(f ), Rr(f ). It is reported in [18]
when the bouncing order is up to 3, the influence of multi-
path of mm-wave was quite weak, hence, we set n = 4 as
the highest reflecting order in this simulation.

Step 3 (Calculate the Transfer Matrices Using EPG): Use
Eq. (27) to calculate scattering-embedded transfer reflect-
ing matrices. Use Eq. (26) to calculate reflection-embedded
transfer scattering matrices. Calculate channel transfer func-
tions by Eq. (30) and obtain the corresponding channel
impulse responses (CIRs).

C. COMPARISONS AND DISCUSSION
1) CONCATENATED POWER DELAY PROFILES (CPDPS)

Fig. 11 (a), (b) and (c) illustrate the measured CPDPs, simu-
lated CPDPs by EPG, and simulated CPDPs by conventional
PG in the corridor scenario, respectively. It can be observed
that the moving trajectory in delay for LoS paths are simi-
lar for both two simulations and the measurement, however,
NLoS paths are different by appearance.
Some continuous NLoS paths marked as multi-path com-

ponents 1 (MCP1) and MCP2 in Fig. 11 (a) and (b) can
be observed both in the measurement and the EPG simu-
lation. Delays of NLoS paths increase along with the LoS
path with less power. However, for the conventional PG in
Fig. 11 (c), MPC1 disappears quickly as the distance of Tx
and Rx increases. Besides, obvious MPC2 track can not be
observed in conventional PG.

2) POWER DELAY PROFILES (PDPS)

To elaborate the effects of the proposed EPG, the PDPs gen-
erated by conventional PG, proposed EPG and measurement
are used for comparison. In both simulations of EPG and
conventional PG, the variance of the noise is set to -105 dBm
to emulate the thermal noise of measurement equipment.
Fig. 12 depicts comparison between measurement and

conventional PG, comparison between measurement and
proposed EPG, respectively in three typical snapshots. The
three snapshots are marked as site.7, site.5, and site.2 in the
sketch showed by Fig. 8. The LoS distance of site.7, site.5,
and site.2 can be approximately calculated as 4 meters, 7.5
meters, and 15 meters, respectively.
In Fig. 12 (a), the PDPs generated by both conventional

PG and the proposed EPG are able to reproduce the two
NLoS peaks as the measurement when the distance of Tx
and Rx is not far away.
However, as the distance between Tx and Rx increases in

Fig. 12 (b), the conventional PG can only reproduce part of
the NLoS peaks, while the newly proposed PG still works
well, the two important NLoS peaks match the measurement
with little error.
The contrast becomes more evident in Fig. 12 (c), when

the distance between Tx and Rx is more than 15 meters, it
can be observed that two obvious peaks for NLOS paths of
EPG and measurement in around 55 ns and 57 ns coincides
with each other, however, these two NLoS components are
invisible in the PDP generated using the conventional PG.

3) DELAY AND DELAY SPREAD

The mean delay and delay spread of site.7, site.5, and site.2
mentioned above are listed in Table 3, from which, it is
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FIGURE 8. A diagram of the environment considered in the measurement, on the upper side of this sketch is glass windows, on the other side is a concrete wall.

FIGURE 9. One-bouncing scattering paths illustration.

FIGURE 10. One-bouncing reflection paths illustration.

observed that delay parameters of measurement and both
two simulations are in good consistency. The difference of
mean delay between measurement and simulation is within
3 ns, and difference of root-mean-square is within 1.5 ns.

4) DISCUSSION OF VALIDATION

The CPDPs obtained using the newly proposed EPG pro-
vide more accurate descriptions of this time-variant channel,
i.e., the reflection effects caused by the glass windows in
this corridor scenario can be observed in both measurement
and EPG simulation as the delay varies. Moreover, spatial
consistency of the moving track is also can be inferred.
The observation of single PDP comparison is in line with

CPDPs, furthermore, single PDP can explain the MPC tracks
revealed in CPDPs more concretely. The scattering compo-
nent becomes weaker and weaker as the distance increases,

TABLE 3. The delay parameters comparison of conventional PG, EPG, and

measurement.

hence the MPC tracks of conventional PG fading quite
fast due to lack of considering reflection effects. On the
contrary, the proposed EPG always keeps consistency with
measurement.
The mean delay and delay spread obtained through con-

ventional PG and EPG are both in good agreement with
measurement, it means the in such a corridor scenario, the
LoS path plays the most vital role in propagating signals.
These observations reveal two postulations, firstly, even

in the mm-wave frequency band the reflection mechanism
still plays a vital role in generating multipaths. Secondly the
improved EPG can simulate channels in better accordance
with the measurements than the conventional PG where dom-
inant reflection paths exist. The reasons why the simulation
results are not strictly identical to the measurement, accord-
ing to our conjecture, include inaccurate estimation of the Rx
location, the exact radiation pattern of the omnidirectional
antenna which is not considered in graph simulations, and
the thermal noise in the measurement equipment, etc.

IV. CONCLUSION
In this article, a novel simulation-based channel modeling
approach based on EPG is proposed and evaluated by field
measurement. Distinguished from the conventional scattering
PG, reflectors are added to generate a reflector-scatterer-
hybrid propagation graph. Such an extended graph can imi-
tates wave propagating along scattering-path, reflecting-path
and scattering-reflecting-mixed-path. An essential specifi-
cally subgraph-embedded method is utilized, which allows
decomposing mixed-path of full graph into scattering-path
and reflecting-path. In addition, a recursive formulation is
implemented and applied to calculating the composite effect
of scattering-path and reflecting-path. The procedures of the
newly proposed EPG are elaborated in this article.
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FIGURE 11. CPDPs comparison for measurements, EPG simulation and
conventional PG simulation.

The comparison of CPDPs and single PDPs was per-
formed among the conventional PG, the newly proposed
EPG, and measurement in a mm-wave corridor scenario.
The results demonstrate that the reflection mechanisms can
not be ignored in mm-wave band frequency. With reflection
effects added into the PG, the channel spatial consistency
observed in NLoS scenarios was explained more reason-
ably in the graph simulation. With these evidences, it is
concluded that the newly proposed method is capable of
accordingly reproducing the channel characteristics attributed
to reflecting components and scattering components.
Accurate and efficient channel simulation algorithms may

provide powerful tools for wireless channel and physical

FIGURE 12. PDPs comparison for measurements, proposed EPG, conventional PG
in three typical sites.

layer researches, in an era of Internet of Things with
increasingly frequency.
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