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Grid-based channel emulation technique for enabling wireless channel
emulator in device-to-device communication
Nopphon KeerativorananA1, a) and Jun-ichi TakadaA1, b)

Abstract Wireless channel emulator (WCE) allows site-specific evalua-
tion of the wireless system with time- and cost-efficient and reproducible
result. In addition to the conventional star topology between devices and
a base station (BS), incorporating device-to-device communication (D2D)
into WCE is essential. In this paper, the authors envision the concept and
address the challenges of the two-layer grid-based channel emulation tech-
nique (2L-GBCE) to enable WCE in the D2D. The TV-CIR is synthesized
from the pre-computed deterministic path parameters between two-layer
grid structures representing both devices through interpolation. Perfor-
mance is statistically evaluated in terms of average path gain, normalized
delay spread, and Doppler spread profiles. The simulation was carried out
at 5.25 GHz and the results qualitatively indicated the capability of the
proposed emulating technique, as well as highlighting the effect of path
clustering and grid size as challenges.
Keywords: wireless channel emulator, parameter interpolation, device-to-
device communication
Classification: Wireless communication technologies

1. Introduction

The future wireless communication system is expected to
cover a wide range of applications [1], extending from
the conventional cellular system to vehicle-to-everything
(V2X), unmanned air vehicle-to-everything (U2X), and
internet-of-things (IoT) communication systems. Evalua-
tion of performance in such a large wireless system that
involves a large number of devices becomes even more dif-
ficult, especially by field measurement testing in a physical
environment [2]. The conventional wireless channel simu-
lator (WCS) can enable cost- and time-efficient performance
evaluation [3] by using the stochastic-based standard chan-
nel model [4], but is only applicable to generic scenarios.
Since precise action and positioning of devices in the men-
tioned applications are essential, WCS may be insufficient
to accurately assert its communication capability. The con-
cept of a wireless channel emulator (WCE) has recently
been introduced to evaluate wireless system performance in
a site-specific scenario using deterministic channel model
(DM) [1, 5]. Using DM, WCE synthesizes the channel
impulse response (CIR) based on the interaction of electro-
magnetic waves and the environment model in cyberspace.
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In addition to the conventional star topology between de-
vices and a base station (BS), incorporating device-to-device
communication (D2D) into WCE is essential, particularly in
V2X and U2X systems. Note that WCE may also view
interference among devices as D2D.

Since real-time computation is one of the WCE require-
ments [6], the high computational complexity of DM be-
comes the main practical challenge, especially in the dy-
namic scenario. The work in [7] utilizes a single-run ray
tracing (RT) simulation result to synthesize dynamic CIR by
tracking propagation paths along the trajectory of the moving
device, but is applicable within a spatial consistency region.
The CloudRT [8] platform utilizes a high-performance com-
puting system to drastically reduce RT computation, and is
also applicable for D2D dynamic scenario. However, such a
dedicated hardware may be infeasible for the WCE with lim-
ited hardware requirements. In this paper, the authors envi-
sion the concept of a two-layer grid-based channel emulation
technique (2L-GBCE) to enable WCE in both conventional
BS-devices and D2D in dynamic scenarios by migrating
the high DM computation to offline processing. A pair of
grid nodes between grid layers contain pre-computed ref-
erence DM path parameters between two mobile devices at
reference positions. Therefore, during channel emulation,
WCE can generate CIR by interpolating these reference DM
parameters at the grid nodes’ positions to the specific loca-
tions of two mobile devices. A brief concept of the pro-
posed 2L-GBCE was presented in [9] and its special case
for the BS-devices was previously conceptualized in [10].
The simulation was carried out at 5.25 GHz to validate the
proposed 2L-GBCE channel of two moving devices in the
office space. Performance is statistically evaluated in terms
of average path gain, normalized delay spread, and Doppler
spread profiles.

2. Two layer grid-based channel emulation technique

2.1 Interpolated SoS-TDL CIR model
Due to limitations in WCE hardware, CIR can only be rep-
resented by a small number of multipaths [3, 11]. The sum-
of-sinusoid tapped-delay-line (SoS-TDL) model [3, 10] is
generally suitable, since it simplifies the time-variant CIR
by a few tap delay, where each tap expresses multipath fad-
ing from coherent summation of a discrete set of rays. Let us
consider D2D with two stationary or moving devices trans-
mitted (Tx) and received (Rx). Suppose that continuous
time is sampled sufficiently every ∆ts. WCE may update
the new positions of Tx and Rx with a longer duration of
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Fig. 1 Two layer grid-based channel emulation in for D2D with 2D environment

∆to > ∆ts. Therefore, the time instance of the emulated
channel is defined as ti j = (i − 1)∆to + ( j − 1)∆ts where
i = 1,2, · · · and j = 1,2, · · ·,∆to/∆ts are time indices. When
WCE updates the new positions of Tx and Rx at the i-th
time index, three SoS-TDL parameters: the nth tapped de-
lay τin, the magnitude Cimn and Doppler fd,imn of the mth
ray, are presumably updated by WCE. In 2L-GBCE, these
parameters are estimated from the pre-computed reference
DM parameters which will be explained in the next section.
The time-variant CIR can be defined as

h(ti j, τ) =
Ni∑
n=1
δ(τ − τin)

Mni∑
m=1

Cimn exp (jΘi jmn), (1)

Θi jmn − Θi(j−1)mn ≈ 2π fd,imn∆ts (2)

where Θi jmn represents the continuous ray’s phase. Due
to a piecewise transition of τin, the received waveform suf-
fers from phase discontinuity. To ensure fading continuity,
an additional phase term is included in Eq. (1) such that
h̃(ti j, τin) = h(ti j, τin) exp (j2π f τin) where f is the carrier
frequency [10].

2.2 Two layer grid structure and path grid parameters
In D2D, there are two moving or stationary devices transmit-
ted (Tx) and received (Rx). The 2L-GBCE divides the vir-
tual space into two overlapping grid structures correspond-
ing to both devices, namely the grid structures of reference
nodes Tx (rTx) and Rx (rRx), respectively, as shown in
Fig. 1. Each grid structure consists of a set of small grid
cells of rTx and rRx. Here, for simplicity, a uniform grid
cell is used. The number of nodes, D, within the cell is
equivalent to D = 2V where V represents the dimension of
the space, and the distance between adjacent nodes (i.e., grid
size) are ∆dT and ∆dR for the r-th rTx and s-th rRx grid cell,
respectively, in each dimension.

A pair of these nodes contains a set of reference path
parameters known as the path grid (PGD) parameters pre-
computed in offline. The structure of the PGD parameters is
modeled according to the clustered delay line model in [4]
to capture the spatial and static propagation characteristic
with the same tap/rays model as the SoS-TDL. Specifically,
in each pair of the p-th rTx and q-th rRx, all rays in the same
tap share the same dalay. Each ray is spatially represented
by azimuth and zenith angles of arrival (AoA) and angles of
departure (AoD), respectively, with the corresponding dual-
polarized complex path weight. These PGD parameters are
stored in the WCE database and will be utilized for the
generation of the CIR by parameter interpolation, as shown

in Fig. 1. Note that PGD can be generated from any DM
technique or derived from the measurement, but should be
simplified in the same PGD structure.

2.3 Cross-layered parameter interpolation
During emulation (online), the geolocation, velocity, and an-
tenna radiation patterns of both Tx and Rx are presumably
updated every ∆t by the WCE. Therefore, the r-th and s-th
grid cells where Tx and Rx reside currently can be deter-
mined. The PGD parameters between each pair of the p-th
rTx and q-th rRx can be converted to the reference SoS-TDL
parameters xpqrs

i,ref = {τpqrsin ,Cpqrs
imn , f

pqrs
d,imn

} using the CDL to
TDL conversion described in [4]. Specifically, since PGD
and SoS-TDL share the same tap structure, the nth delay tap,
the temporal SoS-TDL tap delay at the grid node remains
the same as that of PGD. The SoS-TDL weight of the m-th
ray is computed by factoring the dual polarized path weight
by the antenna radiation patterns. The m-th ray Doppler is
computed by projecting the spatial parameters AoD and AoA
along the directions of the Tx and Rx velocities, respectively.

For simplicity, assume that the SoS-TDL parameters
among the pairs of D nodes are associated by some parame-
ter matching technique. With this assumption, the SoS-TDL
parameters between a pair of Tx and Rx can be approximated
by interpolation of the reference SoS-TDL parameters. Note
that the interpolating parameters now reside in a dimension
of 2V , as each layer of the grid structure has a spatial dimen-
sion of V . Let us simply define the interpolation function
in terms of weighted average, the interpolated SoS-TDL pa-
rameters xi = {τin,Cimn, fd,imn} can be computed as

xi =
D∑
r=1

D∑
s=1
w
pqrs
i xpqrs

i,ref (3)

where wpqrs
i is the the interpolating weight which is a func-

tion of Tx and Rx positions and D rTx and rRx positions.
By substituting the interpolated SoS-TDL parameters from
Eq. (3) into Eq. (1), the interpolated channel is determined at
each time instance. Note that when Tx (or Rx) is stationary
and located at the position of one of the rTx (or rRx), grid
structure of rTx (or rRx) is reduced to a single node of Tx
(or Rx). In this case, the process of synthesizing the inter-
polated channel becomes identical to [10] which is a special
case of 2L-GBCE under this specific condition.

2.4 Technical challenges in 2L-GBCE
In comparison with the grid-based channel under the BS-
devices addressed in [12], the technical challenges in 2L-
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GBCE are clearly more significant. WCE database size
should be exponentially larger with two-layer grids, espe-
cially in the large-scale environment. The path clustering
algorithm remains an important challenge in simplifying the
path parameters of the DM to a maximum of Nmax clustered
taps with Mmax rays per tap, while maintaining the original
DM channel characteristic. With an increase in the number
of neighboring nodes to D2, the path association algorithm
becomes even more crucial to match the parameters be-
tween the nodes, before interpolating the parameters. Since
the PGD parameters are often generated separately for each
pair of nodes, an inappropriate path association assumption
will result in an artifact to the time-variant CIR. In fact,
both algorithms should be addressed offline to optimize the
computational cost to only the parameter interpolation dur-
ing channel emulation. Since they depend on each other and
are sensitive to the accuracy of the 2L-GBCE CIR, a novel
algorithm may be required to jointly cluster and associate
paths among all pairs of nodes.

3. Experiment result and discussion

3.1 Simulation setup
Ray tracing (RT) was applied to generate the DM path pa-
rameters between each pair of rTx and rRx. The environ-
ment is depicted in Fig. 2 in an office setting. Grid cells

Fig. 2 Simulation environment

Fig. 3 Time-variant PDP of (a) RT CIR and two 2L-GBCE CIRs (10-cm
grid size) (b) without path clustering, and (c) with path clustering. Green
circles indicate the duration where RT path components suddenly vanished.

rTx and rRx were generated along the trajectories of moving
Tx and Rx devices. Since Tx and Rx have the same height,
only 2D grid cells were used. Two types of 2L-GBCE CIR
were generated. The first assumed 1 path/tap to avoid the
effect of path clustering. The other applied KPowermean
clustering along the delay to convert the RT paths to the
tap/delay structure of the PGD parameters. The number of
taps and rays/tap was arbitrary set to 6 and 10, respectively.
Therefore, the effect of path simplification can be observed
in 2L-GBCE. The delay taps and rays in each tap were
associated among the nodes on the basis of delay sorting
and Doppler sorting, respectively [12]. The linear interpo-
lation formula corresponding to the 2V-dimension was used
to estimate the SoS-TDL parameters between Tx and Rx.
2L-GBCE CIRs were synthesized by substituting the inter-
polated SoS-TDL parameters into Eq. (1). The performance
of the 2L-GBCE CIR was compared with that synthesized
directly from the RT path parameters along the trajectory.
The relevant parameters are summarized in Table I.

3.2 Interpolated CIR and statistical evaluation
The reference RT time-variant power delay profile (PDP) in
Fig. 3(a) showed a dominant component around 40 – 50 ns
throughout the Tx and Rx motions with other scattering com-
ponents distributed within the range of 65 to 180 ns. Path
components from 120 ns onward have a shorter lifetime, as
indicated by the green circles in the figure. This shows a
spatial inconsistency along the device moving trajectories.
In general, the 2L-GBCE CIR (10-cm grid size) without
using path clustering exhibited an overall profile similarity
to the PDP, as shown in Fig. 3(b). However, there are some
artifacts present in the 2L-GBCE PDP, especially within the
duration when the path components suddenly appeared and
vanished (e.g., shorter lifetime path). Here, adjacent paths
with shorter durations were forced to connect by introducing
artifact components, as indicated by the green circle in the

Table I Simulation parameters setting

Parameters Values
Frequency 5.25 GHz
Signal pulse shape, bandwidth RCF, 100 MHz
rTx and rRx height 1.5 m
Grid sizes 10 cm, 100 cm
Number of RT paths 60 paths
Height and speed of Tx and Rx 1.5 m, 1.43 m/s
Tx and Rx Antenna Vertical omnidirectional
Time samples of CIR ∆to = 100 ms, ∆ts = 1 ms

*RCF: raised-cosine filter
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Fig. 4 Statistical channel characteristics: (a) average path gain, and normalized (b) delay and (c) Doppler spreads

Table II RMSE of statistic channel parameters along moving trajectory

parameter 10-cm grid size 100-cm grid size
w/ cls w/o cls w/ cls w/o cls

G (dB) 2.733 0.341 3.289 0.619
σnorm
τ 0.450 0.124 0.404 0.208
σnorm

fd
0.041 0.042 0.056 0.070

*w/ (w/o) cls : 2L-GBSE channel with (without) path clustering
*underline indicates the least RMSE between w/ and w/o cls cases

figure. This artifact was also observed in the 2L-GCBE with
path clustering, as shown in Fig. 3(b). Strong multipath fad-
ing was clearly seen, even in the dominant component, due
to coherence summation within each tap. Due to the limited
number of taps, the scattering components were simplified
by a few taps with time-varying delay. Nevertheless, a level
of similarity to the RT PDP could still be observed.

Three statistical parameters were introduced: average
path gain (G), normalized delay spread (σnorm

τ ), and nor-
malized Doppler spread (σnorm

fd
), to quantitatively evaluate

the 2L-GBCE CIR under various grid sizes and impact of
path clustering. The inverse of bandwidth and the maximum
Doppler were normalization terms for σnorm

τ and σnorm
fd

,
respectively. As shown in Fig. 4, the effect of the path
clustering significantly exhibits a larger discrepancy with
the 2L-GBCE CIR in the case of parameters G and σnorm

τ .
However, the impact of path clustering on the σnorm

fd
profile

was interestingly less significant. By enlarging the grid
dimensions to 100 cm, all parameter profiles were smoother,
but also resulted in a more noticeable discrepancy. RMSE
of three statistical parameters in all cases is summarized in
Table II. The results were also quantitatively confirmed with
the discussion of Fig. 4. Specifically, the effect of path clus-
tering is more pronounced than the increase in grid size from
10 to 100 cm in terms of G and σnorm

τ . On the contrary, a
slightly smaller RMSE ofσnorm

fd
for 2L-GBCE CIR with path

clustering indicates the effect of the ray-Doppler-sorting-
based path association algorithm. These results indicated
the capability of the 2L-GBCE to emulate site-specific CIR.

4. Conclusion

The concept of 2L-GBCE is introduced to synthesize a time-
variant CIR for WCE applicable to both BS-devices and
D2D. The TV-CIR is synthesized from the pre-computed
deterministic path parameters between a set of neighboring
rTx and rRx pairs through interpolation. The simulation
results in the office space at 5.25 GHz indicated the capability
of the 2L-GBCE CIR, as well as highlighting the effect
of path clustering and grid size in the proposed emulation

technique.
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