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In this paper, we propose a new simulator for nonstationary Rice fading channels under nonisotropic scattering scenarios, as well as
the improved computation method of simulation parameters.The new simulator can also be applied on generating Rayleigh fading
channels by adjusting parameters. The proposed simulator takes into account the smooth transition of fading phases between the
adjacent channel states. The time-variant statistical properties of the proposed simulator, that is, the probability density functions
(PDFs) of envelope and phase, autocorrelation function (ACF), and Doppler power spectrum density (DPSD), are also analyzed
and derived. Simulation results have demonstrated that our proposed simulator provides good approximation on the statistical
properties with the corresponding theoretical ones, which indicates its usefulness for the performance evaluation and validation of
the wireless communication systems under nonstationary and nonisotropic scenarios.

1. Introduction

The channel simulator has the ability to reproduce the
statistical properties of propagation channels and has become
a very important software-assisted tool for the performance
evaluation of wireless communication systems. There are a
number of research papers ondesigning accurate and efficient
simulators [1–19]. For the good fitting with plan-wave propa-
gation channels, the sum-of-sinusoids (SoS) [1, 2] or sum-of-
cisoids (SoC) [3] based simulators and their derivatives [4–8]
have gained the most widespread acceptance.

It should be highlighted that the traditional SoC simu-
lators are only suitable to reproduce wide-sense stationary
(WSS) fading channels, whichmeans the statistical properties
of output channels are time-invariant. However, measure-
ment campaigns have proved that the WSS assumption is
only valid for a short time interval [20]. Therefore, several
modified SoC-based simulators were proposed in [9–19] to
generate nonstationary fading channels. For example, the
WINNER+ model [9] was simulated by generating several

independent channel segments with different simulation
parameters. Simulation parameters were updated according
to the fixed trajectories of transceivers and clusters in [10, 11,
13, 14], which improves the continuity of adjacent channel
states.

However, we have found that the generated channel
phases of these simulators in [9–11, 13, 14] cannot guarantee
a smooth transition between adjacent channel states, which
makes the output Doppler frequency shifts not very accurate.
To overcome this shortcoming, a new method, namely,
sum of frequency modulation signals [12, 15–18] or sum of
chirp signals [19], was proposed to simulate nonstationary
Rayleigh channels very recently, but it lacked implementation
details and performance analyses. To fill this gap, this paper
develops a new simulator based on this idea to generate
the nonstationary Rice fading channels under nonisotropic
scattering scenarios, as well as the upgraded computation
methods of simulation parameters. Moreover, the time-
variant statistical properties of the proposed simulator, that
is, the probability density functions (PDFs) of the envelope
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and phase, autocorrelation function (ACF), and Doppler
power spectral density (DPSD), are derived in detail and also
verified by numerical simulations.

The rest of this paper is organized as follows. In Sec-
tion 2, we introduce the reference model and traditional SoC
simulators for stationary fading channels. Section 3 proposes
a new simulator for the nonstationary Rice channels, as
well as computation methods of the time-variant simulation
parameters. The theoretical results of PDF, ACF, and DPSD
for the proposed simulator are derived in detail in Section 4.
In Section 5, simulation results are given and compared with
the corresponding derivation results. Finally, conclusions are
drawn in Section 6.

2. Reference and Simulation Models for
Stationary Fading Channels

Under the nonstationary condition, the reference model for
Rice fading channels can be written as [3]

V (𝑡) = √ ΩV𝐾 + 1𝜇 (𝑡) + √ 𝐾ΩV𝐾 + 1𝑚 (𝑡) , (1)

where ΩV and 𝐾 are the mean power and Rice factor,
and the non-line-of-sight (NLOS) component 𝜇(𝑡) denotes
a normalized zero-mean complex Gaussian process. In (1),𝑚(𝑡) = exp(𝑗(2𝜋𝑓𝜌𝑡 + 𝜃𝜌)) represents the line-of-sight (LOS)
component, where 𝑓𝜌 and 𝜃𝜌 are the Doppler frequency
and phase of the LOS component, respectively. From (1), we
can easily obtain the reference model for Rayleigh fading
channels by omitting the LOS component (𝐾 = 0).

The characteristics of reference model are determined by
its first- and second-order statistical properties, that is, PDF,
ACF, and DPSD. Given the envelope 𝜉(𝑡) ≜ |V(𝑡)| and phase𝜗(𝑡) ≜ arg{V(𝑡)}, the reference PDFs can be expressed as [3]

𝑝𝜉 (𝑧) = 2𝑧 (𝐾 + 1)ΩV
𝑒−𝑧2(𝐾+1)/ΩV−𝐾

⋅ 𝐼0 ( 2𝑧√ΩV
√𝐾 (𝐾 + 1)) , 𝑧 ≥ 0 (2)

𝑝𝜗 (𝜃) = 𝑒−𝐾2𝜋 {[1 + erf (√𝐾 cos (𝜃 − 2𝜋𝑓𝜌𝑡 − 𝜃𝜌))]
⋅ √𝐾𝜋 cos (𝜃 − 2𝜋𝑓𝜌𝑡 − 𝜃𝜌) 𝑒𝐾cos2(𝜃−2𝜋𝑓𝜌𝑡−𝜃𝜌) + 1}

0 ≤ 𝜃 < 2𝜋,
(3)

where 𝐼0(⋅) and erf(⋅) denote the modified Bessel function
of the first kind of order zero and complementary error
function, respectively. The ACF of V(𝑡) is defined by 𝑟VV(𝜏) =𝐸{V∗(𝑡)V(𝑡 + 𝜏)}, where 𝐸{⋅} and (⋅)∗ denote the statistical
expectation and complex conjugation operator, respectively.
Finally, the DPSD can be obtained by the Fourier transform
of ACF as 𝑆VV(𝑓) = ∫∞

−∞ 𝑟VV(𝑡, 𝜏)𝑒−𝑗2𝜋𝑓𝜏𝑑𝜏. For nonisotropic
scattering scenarios, the von Mises (VM) distribution is

widely accepted to describe the angle of arrival (AoA) [8] and
is given by

𝑝𝛼 (𝛼) = 𝑒𝜅 cos(𝛼−𝑚𝛼)2𝜋𝐼0 (𝜅) , (4)

where 𝜅 > 0 controls the angular spread and 𝑚𝛼 ∈ (−𝜋, 𝜋]
denotes the mean value. Under the stationary VM scattering
scenario, the references ACF and DPSD have been derived as
[8]

𝑟VV (𝜏)
= ΩV𝐼0 (√𝜅2 − (2𝜋𝑓max𝜏)2 + 𝑗4𝜋𝜅𝑓max cos (𝑚𝛼) 𝜏)(𝐾 + 1) 𝐼0 (𝜅)

+ 𝐾ΩV𝐾 + 1𝑒𝑗2𝜋𝑓𝜌𝜏,
(5)

𝑆VV (𝑓)
= ΩVrect (𝑓) cosh (𝜅 sin (𝑚𝛼)√1 − (𝑓/𝑓max)2) 𝑒𝜅 cos(𝑚𝛼)𝑓/𝑓max

𝜋𝑓max (𝐾 + 1) 𝐼0 (𝜅)√1 − (𝑓/𝑓max)2
+ 𝐾ΩV𝛿 (𝑓 − 𝑓𝜌)𝐾 + 1 ,

(6)

where 𝑓max = V𝑓𝑐/𝑐 denotes the maximum Doppler fre-
quency and V, 𝑐, and 𝑓𝑐 are the movement speed, light speed,
and carrier frequency, respectively.

The traditional SoC simulator can be expressed as [8]

V̂ (𝑡) = √ ΩV𝐾 + 1 𝑁∑
𝑛=1

√ 1𝑁𝑒𝑗(2𝜋𝑓𝑛𝑡+𝜃𝑛)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝜇(𝑡)

+ √ 𝐾ΩV𝐾 + 1𝑒𝑗(2𝜋𝑓𝜌𝑡+𝜃𝜌)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
�̂�(𝑡)

,
(7)

where𝑁 is the number of simulation paths, 𝑓𝑛, 𝑓𝜌, 𝜃𝑛, and 𝜃𝜌
are the time-invariant simulation parameters, mean Doppler
frequencies, initial phases of the NLOS, and LOS component,
respectively. Note that the frequency parameters 𝑓𝑛, 𝑛 =1, . . . , 𝑁 and 𝑓𝜌 are determined by the ACF or DPSD of the
reference model, while the phase 𝜃𝑛, 𝑛 = 1, . . . , 𝑁 and 𝜃𝜌 are
generated randomly and uniformly over (0, 2𝜋].
3. A New Simulator for Nonstationary
Fading Channels

Under the nonstationary condition, the statistical properties
of channels would change over time [20], and this makes
channel parameters time-variant. In order to apply the classic
SoC method, some modified simulators [9–11, 13, 14] directly
use 2𝜋𝑓𝑛(𝑡)𝑡 and 2𝜋𝑓𝜌(𝑡)𝑡 to substitute 2𝜋𝑓𝑛𝑡 and 2𝜋𝑓𝜌𝑡 in (7),
respectively. However, it can be proved that the output phases
of these models are not accurate and the output Doppler
frequencies do not agree with the theoretical ones [18]. In this
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paper, we use 2𝜋 ∫𝑡
0 𝑓𝑛(𝑡)d𝑡 and 2𝜋 ∫𝑡

0 𝑓𝜌(𝑡)d𝑡 to replace2𝜋𝑓𝑛(𝑡)𝑡 and 2𝜋𝑓𝜌(𝑡)𝑡, respectively, and the new simulator can
be written as

Ṽ (𝑡) = √ Ω̃V (𝑡)�̃� (𝑡) + 1 𝑁∑
𝑛=1

√ 1𝑁𝑒𝑗(2𝜋 ∫
𝑡

0
𝑓𝑛(𝑡
)d𝑡+𝜃𝑛)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝜇(𝑡)

+ √ �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 𝑒𝑗(2𝜋 ∫
𝑡

0
𝑓𝜌(𝑡
)d𝑡+𝜃𝜌)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

�̃�(𝑡)
.

(8)

A key issue for the proposed simulator is to find a proper
set of simulation parameters {𝑓𝜌, 𝑓𝑛}, 𝑛 = 1, . . . , 𝑁, which
can guarantee that the output statistical properties are close
to the desired ones. Several parameter computation methods
have been proposed in the literature [8, 21–23], such as the
Riemann sum method (RSM) [8], the extended method of
exact Doppler spread (EMEDS) [21], the generalized method
of equal areas (GMEA) [22], and the 𝐿𝑝-norm method
[23]. However, these methods are only suitable for the time-
invariant parametric simulator.Therefore, an upgraded com-
putation method is required to make the proposed simulator
realizable.

Since theWSS assumption is still valid for the nonstation-
ary channels during a short time interval [20], it is reasonable
to assume that the statistical properties keep unchanged
during a short time duration𝑇𝑢, namely, the updating interval
of channel states.Thus, the parameters Ω̃V(𝑡) and �̃�(𝑡)within
the 𝑙th interval can be denoted as Ω̃𝑙

V and �̃�𝑙, where 𝑙 =⌊𝑡/𝑇𝑢⌋ + 1 (𝑙 = 1, 2, 3, . . .) and ⌊⋅⌋means the integer part. The
corresponding DPSD within the 𝑙th interval can be defined
by

𝑆𝑙
ṼṼ (𝑓) = Ω̃𝑙

V�̃�𝑙 + 1𝑆𝑙
𝜇𝜇 (𝑓) + �̃�𝑙Ω̃𝑙

V�̃�𝑙 + 1𝑆𝑙
�̃��̃� (𝑓) , (9)

where 𝑆𝑙
𝜇𝜇(𝑓) and 𝑆𝑙

�̃��̃�(𝑓) are the DPSDs of the NLOS
component and LOS component, respectively, and can be
obtained by (6) under the VM scattering scenario or mea-
sured under other realistic scenarios. Then, by using afore-
mentioned methods [8, 21–23], the frequency parameters of
the 𝑙th interval, denoted as {𝐹𝑙

𝜌, 𝐹𝑙
𝑛}, 𝑛 = 1, . . . , 𝑁, can be

calculated.Hence, the time-variant frequency parameters can
be computed by 𝑓𝜌(𝑡) = 𝐹𝑙

𝜌 and 𝑓𝑛(𝑡) = 𝐹𝑙
𝑛. Although this

computationmethod is straightforward and has been applied
to simulate WINNER+ model [9] and 3GPP-3D model [24],
it does not consider the fact that channel properties in reality
usually change smoothly along time. On the other hand,
measurement campaigns [20] have shown that the stationary
interval is very short, that is, 9ms in 80% of the case and
20ms in 60% of the case under the high speed train (HST)
scenario. In this paper, we assume that theDoppler frequency
changes linearly within the stationary interval, so𝑓𝜌(𝑡) can be
calculated by

𝑓𝜌 (𝑡) = 𝐹𝑙
𝜌 + 𝐹𝑙+1

𝜌 − 𝐹𝑙
𝜌𝑇𝑢
[𝑡 − (𝑙 − 1) 𝑇𝑢] . (10)

Taking the fact into account that the simulations of MIMO
channels often demand for generating multiple uncorrelated
Rayleigh or Rice fading waveforms, the new calculation
method of 𝑓𝑛(𝑡) is given as

𝑓𝑛 (𝑡) = 𝑏𝑙
𝑛 + 𝑘𝑙

𝑛 [𝑡 − (𝑙 − 1) 𝑇𝑢] + Δ𝑙
𝑛 (𝑡) , (11)

where 𝑏𝑙
𝑛, 𝑘𝑙

𝑛, andΔ𝑙
𝑛(𝑡) denote the initial value, the slope, and

the small random offset of the frequency parameter of the𝑛th path, respectively. 𝑏𝑙
𝑛 (𝑙 = 1) is generated randomly and

uniformly over [𝐹1
𝑛−1, 𝐹1

𝑛 ), while 𝑏𝑙
𝑛 (𝑙 > 1) holds the value at

the end of the previous interval. The slope 𝑘𝑙
𝑛 is calculated by

𝑘𝑙
𝑛

= {{{{{{{{{{{
𝑁𝑠𝑓

(𝐹𝑙
𝑛 − 𝐹𝑙

𝑛−1) + (𝐹𝑙+1
𝑛 − 𝐹𝑙+1

𝑛−1)2𝑇𝑢
, 𝑓𝑛 (𝑡) < 𝐵low

𝑛 (𝑡)
𝑁𝑠𝑓

(𝐹𝑙
𝑛−1 − 𝐹𝑙

𝑛) + (𝐹𝑙+1
𝑛−1 − 𝐹𝑙+1

𝑛 )2𝑇𝑢
, 𝑓𝑛 (𝑡) > 𝐵upper

𝑛 (𝑡) ,
(12)

where𝑁𝑠𝑓 refers to the number of periodwithin each interval,
and the upper boundary 𝐵upper

𝑛 (𝑡) and low boundary 𝐵low
𝑛 (𝑡)

are used to keep the frequencies changingwithin valid ranges,
which are defined by

𝐵upper
𝑛 (𝑡) = 𝐹𝑙

𝑛 + (𝐹𝑙+1
𝑛 − 𝐹𝑙

𝑛) (𝑡 − (𝑙 − 1) 𝑇𝑢)𝑇𝑢

𝐵low
𝑛 (𝑡) = 𝐹𝑙

𝑛−1 + (𝐹𝑙+1
𝑛−1 − 𝐹𝑙

𝑛−1) (𝑡 − (𝑙 − 1) 𝑇𝑢)𝑇𝑢
.

(13)

Note that the parameter computation method in [19] can be
viewed as a special case of (11) with 𝑁𝑠𝑓 = 1. To visualize
and demonstrate the proposed computation method, let us
consider the reference DPSDs of 𝑆𝜇𝜇(𝑡, 𝑓) and 𝑆�̃��̃�(𝑡, 𝑓)
under VM scattering environment as shown in Figure 1. The
parameters are configured as follows, 𝑇𝑢 = 10ms,𝑁 = 8, and𝑁𝑠𝑓 = 2.The frequencies and boundaries can be calculated by
using (10)–(13) and are also shown in Figure 1. It is clear that
the frequencies are continuous and change linearly within the
upper and lower boundaries. The frequencies also include a
small and random offset, which is to guarantee the generated
multiple fading channels are uncorrelated.

4. Time-Variant Statistical Properties of
the Proposed Simulator

4.1. The PDFs of Envelope and Phase. In order to derive the
PDFs of envelope and phase for the proposed simulator, let
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us set Ṽ(𝑡) = Ṽ1(𝑡) + 𝑗Ṽ2(𝑡), where Ṽ1(𝑡) and Ṽ2(𝑡) are defined
by

Ṽ1 (𝑡)
= √ �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 cos(2𝜋∫𝑡

0
𝑓𝜌 (𝑡) d𝑡 + 𝜃𝜌)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝑚1(𝑡)

+ √ Ω̃V (𝑡)�̃� (𝑡) + 1 𝑁∑
𝑛=1

√ 1𝑁 cos(2𝜋∫𝑡

0
𝑓𝑛 (𝑡) d𝑡 + 𝜃𝑛)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝜇1(𝑡)

Ṽ2 (𝑡)
= √ �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 sin(2𝜋∫𝑡

0
𝑓𝜌 (𝑡) d𝑡 + 𝜃𝜌)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝑚2(𝑡)

+ √ Ω̃V (𝑡)�̃� (𝑡) + 1 𝑁∑
𝑛=1

√ 1𝑁 sin(2𝜋∫𝑡

0
𝑓𝑛 (𝑡) d𝑡 + 𝜃𝑛)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝜇2(𝑡)

.

(14)

In the following, the joint distribution of Ṽ1(𝑡) and Ṽ2(𝑡) can
be expressed as 𝑝Ṽ1 Ṽ2(𝑡, 𝑧1, 𝑧2) = 𝑝Ṽ1(𝑡, 𝑧1)𝑝Ṽ2(𝑡, 𝑧2), where𝑝Ṽ𝑖(𝑡, 𝑧𝑖) denotes the PDF of Ṽ𝑖(𝑡) (𝑖 = 1, 2) and can be
calculated by

𝑝Ṽ𝑖 (𝑡, 𝑧𝑖) = 𝑝𝜇𝑖 (𝑡, 𝑧𝑖) 𝑝𝑚𝑖 (𝑡, 𝑧𝑖) . (15)

According to the definition of 𝑚𝑖(𝑡) (𝑖 = 1, 2) in (14), the PDF
of 𝑚𝑖(𝑡) can be expressed as

𝑝𝑚𝑖 (𝑡, 𝑧𝑖) = 𝛿 (𝑧𝑖 − 𝑚𝑖 (𝑡)) . (16)

Using [25, (2.15)] and the relationship between the distri-
bution and the characteristic function, the PDF of 𝜇𝑖(𝑡) (𝑖 =1, 2) can be proved as

𝑝𝜇1 (𝑡, 𝑧1) = ∫∞

−∞
Ψ𝜇1 (𝑡, 𝑥) 𝑒−𝑗2𝜋𝑥𝑧1d𝑥

= 2∫∞

0
[[

𝑁∏
𝑛=1

𝐽0 (2𝜋𝑥√ Ω̃V (𝑡)𝑁 (�̃� (𝑡) + 1))]]⋅ cos (2𝜋𝑥𝑧1) d𝑥.
(17)

Substituting (16) and (17) into (15), we can obtain the joint
distribution 𝑝Ṽ1 Ṽ2(𝑡, 𝑧1, 𝑧2) of two random variables Ṽ1(𝑡) and
Ṽ2(𝑡).

Then, let us set 𝑧1 = 𝑧 cos 𝜃 and 𝑧2 = 𝑧 sin 𝜃 [25]; the
time-variant joint PDF of the envelope 𝜉(𝑡) = |Ṽ(𝑡)| and phase𝜗(𝑡) = arg{Ṽ(𝑡)} can be derived as

𝑝𝜉𝜗 (𝑡, 𝜃, 𝑧) = 𝑧𝑝Ṽ1 Ṽ2 (𝑡, 𝑧 cos 𝜃, 𝑧 sin 𝜃) = 2𝜋𝑧∫∞

0
[[

𝑁∏
𝑛=1

𝐽0 (2𝜋𝑥√ Ω̃V (𝑡)𝑁 (�̃� (𝑡) + 1))]]
⋅ 𝐽0 (2𝜋𝑥√𝑧2 + �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 − 2𝑧√ �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 cos(𝜃 − 2𝜋∫𝑡

0
𝑓𝜌 (𝑡) d𝑡 − 𝜃𝜌))𝑥 d𝑥, (18)

where 𝑧 ≥ 0 and 𝜃 ∈ (−𝜋, 𝜋). Finally, 𝑝𝜉(𝑡, 𝑧) can be obtained
by integrating (18) over 𝜃 with [26, (6.684-1)] as

𝑝𝜉 (𝑡, 𝑧) = ∫𝜋

−𝜋
𝑝𝜉𝜗 (𝑡, 𝜃, 𝑧) d𝜃 = (2𝜋)2

⋅ 𝑧 ∫∞

0
[[

𝑁∏
𝑛=1

𝐽0 (2𝜋𝑥√ Ω̃V (𝑡)𝑁 (�̃� (𝑡) + 1))]]
⋅ 𝐽0 (2𝜋𝑥√ �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 ) 𝐽0 (2𝜋𝑧𝑥) 𝑥 d𝑥, 𝑧 ≥ 0.

(19)

Eq. (19) shows that 𝑝𝜉(𝑡, 𝑧) is completely determined by the
parameters of 𝑁, Ω̃V(𝑡), and �̃�(𝑡), whereas the frequency
parameters have no influence. Since Ω̃V(𝑡) and �̃�(𝑡) are
fixed at any given time instant, by using [26, (6.618-5)] one

can demonstrate that the PDF tends to the theoretical Rice
distribution as (2) with 𝑁 → ∞. Similarly, by integrating𝑝𝜉𝜗(𝑡, 𝜃, 𝑧) over 𝑧 and using [26, (6.52)], the instantaneous
phase PDF at any time instant can be proved to tend to the
reference PDF as (3).

4.2. ACF. The ACF of nonstationary channels is also no
longer time-invariant as (5) and becomes a function of both
time lag 𝜏 and time 𝑡. The time-variant ACF of (8) can be
defined as 𝑟ṼṼ (𝑡, 𝜏) = 𝐸 [Ṽ (𝑡) Ṽ∗ (𝑡 + 𝜏)]

= Ω̃V (𝑡)�̃� (𝑡) + 1𝑟𝜇𝜇 (𝑡, 𝜏)
+ �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 𝑟�̃��̃� (𝑡, 𝜏) ,

(20)
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where 𝑟𝜇𝜇(𝑡, 𝜏) and 𝑟�̃��̃�(𝑡, 𝜏) denote the ACFs of the NLOS
component and LOS component, respectively. In reality, the
time lag range is much smaller than the updating interval(𝜏 ≪ 𝑇𝑢), and 𝑟�̃��̃�(𝑡, 𝜏) can be approximately calculated by

𝑟�̃��̃� (𝑡, 𝜏) = 𝑒𝑗2𝜋 ∫
𝑡+𝜏

𝑡
𝑓𝜌(𝑡
)d𝑡 = 𝑒𝑗𝜋𝜏(𝑓𝜌(𝑡)+𝑓𝜌(𝑡+𝜏)). (21)

The result in (21) clearly shows that the ACF of the LOS com-
ponent changes over time. It reduces to the corresponding
part of reference result as (5) when the frequency parameter𝑓𝜌(𝑡) is constant.

The time-variant ACF of the NLOS component with the
VM distribution for AoAs can be expressed as follows:

𝑟𝜇𝜇 (𝑡, 𝜏) = 12𝜋𝐼0 (𝜅) ∫𝜋

−𝜋
√𝑒𝜅cos(𝛼𝑛(𝑡)−�̃�𝛼(𝑡))

⋅ √𝑒𝜅cos(𝛼𝑛(𝑡+𝜏)−�̃�𝛼(𝑡+𝜏))𝑒𝑗2𝜋 ∫
𝑡+𝜏

𝑡
𝑓𝑛(𝑡
)d𝑡d𝛼𝑛.

(22)

The distribution factor 𝜅 is almost unchanged during a short
time interval, so 𝑟𝜇𝜇(𝑡, 𝜏) can be simplified by using 𝛼𝑛(𝑡+𝜏)−�̃�𝛼𝑛(𝑡 + 𝜏) ≈ 𝛼𝑛(𝑡) − �̃�𝛼𝑛(𝑡) as

𝑟𝜇𝜇 (𝑡, 𝜏) = 12𝜋𝐼0 (𝜅) ∫𝜋

−𝜋
𝑒𝜅 cos(𝛼𝑛(𝑡)−�̃�𝛼(𝑡))

⋅ 𝑒𝑗2𝜋 ∫
𝑡+𝜏

𝑡
𝑓maxcos(𝛼𝑛(𝑡))d𝑡d𝛼𝑛 = 12𝜋𝐼0 (𝜅)

⋅ ∫𝜋

−𝜋
𝑒𝜅 cos(𝛼𝑛(𝑡)−�̃�𝛼(𝑡))

⋅ 𝑒𝑗𝜋𝑓max𝜏(cos(𝛼𝑛(𝑡+𝜏))+cos(𝛼𝑛(𝑡)))d𝛼𝑛,
(23)

where �̃�𝛼𝑛(𝑡) denotes the mean angle of AoAs. Setting and
substituting Δ 𝑛(𝑡, 𝜏) = 𝛼𝑛(𝑡 + 𝜏) − 𝛼𝑛(𝑡) into (23), it yields

𝑟𝜇𝜇 (𝑡, 𝜏) = 12𝜋𝐼0 (𝜅) ∫𝜋

−𝜋
𝑒𝜅cos(𝛼𝑛(𝑡)−�̃�𝛼(𝑡))

⋅ 𝑒𝑗2𝜋𝑓max𝜏cos(Δ 𝑛(𝑡,𝜏)/2)cos(𝛼𝑛(𝑡)+Δ 𝑛(𝑡,𝜏)/2)d𝛼𝑛. (24)

With the help of [26, (3.338-4)], the closed-form solution of𝑟𝜇𝜇(𝑡, 𝜏) is given as

𝑟𝜇𝜇 (𝑡, 𝜏) = 𝐼0 (√𝜅2 + 𝑗2𝜋𝜅𝑓max𝜏 (cos (�̃�𝛼𝑛 (𝑡)) + cos (�̃�𝛼𝑛 (𝑡) − Δ 𝑛 (𝑡, 𝜏))) − 2 (𝜋𝑓max𝜏)2 (cos (Δ 𝑛 (𝑡, 𝜏)) + 1))𝐼0 (𝜅) . (25)

Finally, the theoretical ACF 𝑟ṼṼ(𝑡, 𝜏) of the proposed simulator
can be obtained by substituting (21) and (25) into (20).

4.3. DPSD. The time-variant DPSD of (8) can be defined as

𝑆ṼṼ (𝑡, 𝑓) = Ω̃V (𝑡)�̃� (𝑡) + 1𝑆𝜇𝜇 (𝑡, 𝑓)
+ �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 𝑆�̃��̃� (𝑡, 𝑓) . (26)

Combining with (10), the DPSD of LOS component can be
calculated as

𝑆�̃��̃� (𝑡, 𝑓)
= 𝛿(𝑓 − 𝐹𝑙

𝜌 − 𝐹𝑙+1
𝜌 − 𝐹𝑙

𝜌𝑇𝑢
[𝑡 − (𝑙 − 1) 𝑇𝑢]) . (27)

Base on (11), we can obtain the instantaneous phase caused by
the time-variant frequency of NLOS component as

𝜙𝑛 (𝑡) = 2𝜋∫𝑡

0
𝑓𝑛 (𝑥) d𝑥

= 2𝜋(𝑏𝑙
𝑛𝑡 − (𝑙 − 1) 𝑘𝑙

𝑛𝑇𝑢𝑡 + 𝑘𝑙
𝑛2 𝑡2) . (28)

Substituting (28) into (8), the NLOS component can be
rewritten as

𝜇 (𝑡) = 𝑁∑
𝑛=1

√ 1𝑁𝑒𝑗[2𝜋(𝑏𝑙𝑛𝑡−(𝑙−1)𝑘𝑙𝑛𝑇𝑢𝑡+(𝑘𝑙𝑛/2)𝑡
2)+𝜃𝑛]. (29)
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With the help of the Wigner-Ville distribution [19, 27], the
DPSD of (29) can be expressed as

𝑊𝜇𝜇 (𝑡, 𝑓)
= 𝑁∑

𝑛=1

1𝑁𝛿 (𝑓 − (𝑏𝑙
𝑛 − (𝑙 − 1) 𝑘𝑙

𝑛𝑇𝑢 + 𝑘𝑙
𝑛) 𝑡)

+ 4𝑁−1∑
𝑛=1

𝑁∑
𝑚=2,𝑚>𝑛

1√𝛽𝑛𝑚
cos(𝜋4 + 𝛼𝑛𝑚 − 4𝜋𝛾2

𝑛𝑚𝛽𝑛𝑚
) ,

(30)

where

𝛼𝑛𝑚 = 𝜃𝑛 − 𝜃𝑚 + 𝜋 (𝑘𝑙
𝑛 − 𝑘𝑙

𝑚) 𝑡2
+ 2𝜋 (𝑏𝑙

𝑛 − 𝑏𝑙
𝑚 − (𝑙 − 1) (𝑘𝑙

𝑛 − 𝑘𝑙
𝑚) 𝑇𝑢) 𝑡

𝛽𝑛𝑚 = 𝑘𝑙
𝑛 − 𝑘𝑙

𝑚


𝛾𝑛𝑚 = 𝑓 − 𝑏𝑙
𝑛 + 𝑏𝑙

𝑚 − (𝑙 − 1) (𝑘𝑙
𝑛 + 𝑘𝑙

𝑚) 𝑇𝑢2 − 𝑘𝑙
𝑛 + 𝑘𝑙

𝑚2 𝑡.
(31)

The initial phase is random and uniformly distributed over(0, 2𝜋], so the second term in (30) can be removed by
averaging over the phases. Therefore, the DPSD of NLOS
component can be rewritten as

𝑆𝜇𝜇 (𝑡, 𝑓) = 𝑊𝜇𝜇 (𝑡, 𝑓)𝜃𝑛
= 𝑁∑

𝑛=1

1𝑁𝛿 (𝑓 − (𝑏𝑙
𝑛 − (𝑙 − 1) 𝑘𝑙

𝑛𝑇𝑢 + 𝑘𝑙
𝑛) 𝑡) . (32)

Finally, substituting (27) and (32) into (26), the theoretical
DPSD 𝑆ṼṼ(𝑡, 𝑓) of the proposed simulator can be obtained.

5. Simulation and Validation

We validate the proposed simulator in a typical downlink
channel of the mobile communication systems. The base
station (BS) and MS are both equipped with normalized
omnidirectional antennas, the carrier frequency is 2.4GHz,
and the AoAs follow the VM distribution with 𝜅 = 3. The
initial distance between the BS and MS is 140m, and the MS
moves away from the BS with the angle of 𝜃 = 45∘ and the
speed of V = 20m/s. It is also assumed that the LOS andNLOS
components exist during the simulation.

The simulator is configured as 𝑁 = 32, 𝑁𝑠𝑓 = 10, and𝑇𝑢 = 20ms. The generated channel phase, fading envelope,
and Doppler frequency within 2 s are given in Figure 2. For
comparison purpose, the corresponding output results of
the simulators in [10, 11, 13, 14] and the theoretical Doppler
frequency are also given in the figure. It shows that the
output phases of two kinds of simulators are different, which
results in the difference of channel envelopes. Moreover, the
Doppler frequency of the proposed simulator is much closer
to the theoretical one. Submitting𝑁 = 32 and other channel
parameters into (19), the theoretical PDF can be obtained and
given in Figure 3. It is clearly showed that the PDF changes
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Figure 2: Output channel fading phases, envelopes, and Doppler
frequencies of the proposed simulator and traditional simulators in
[10, 11, 13, 14].

z

PD
F

20
0

0.5

1

1

1.5

1
2

03 Time, t (s)

Figure 3: Time-variant theoretical PDF of channel fading envelope(𝑁 = 32).
over time due to the time-variant channel parameters. In
addition, the output PDFs of the proposed simulator at three
time instants 𝑡 = 0 s, 1 s and 2 s are compared with the
corresponding theoretical results in Figure 4. The reference
PDFs which can be viewed as the theoretical results with𝑁 =∞ are also given in Figure 4. It is showed that the simulated
results match well with the corresponding theoretical and
reference ones, which verifies the theoretical derivations as
well as the simulator.
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Under the same condition, by using (20), the absolute
value of the theoretical ACF is calculated and given in
Figure 5. For comparison purpose, the theoretical ACFs at
three time instants 𝑡 = 0 s, 1 s, and 2 s are extracted from
Figure 5 and the corresponding simulated ACFs are shown
in Figure 6. Similarly, the theoretical DPSDs calculated by
(26) are given in Figure 7(a) and the simulation results are
given in Figure 7(b). Figure 7 clearly demonstrates the time-
variety of the LOS component and NLOS components along
the trajectory of the MS. It also can be seen that Figure 7
has an asymmetric DPSD, which is the consequence of the
nonisotropic scattering condition. In addition, the trends and
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shapes of theoretical and simulated DPSDs are very similar,
which verifies the correctness of both the simulator and
derivations. Finally, the good agreements of theoretical and
simulated results in Figures 6 and 7 confirm the derivations
of (25) and (32), as well as the proposed simulator.

6. Conclusion

Further research on the simple and efficient nonstationary
channel simulators is highly desirable for the development
and performance evaluation of future wireless communica-
tion systems. In this paper, we have presented a new simulator
to reproduce the nonstationary Rice fading channels under
nonisotropic scattering scenarios. The proposed simulator
can also be applied to simulate Rayleigh fading channels by
adjusting channel parameters. The computation methods of
time-variant simulation parameters, that is, initial phases and
frequencies of the LOS component and NLOS component,
have been analyzed and given in detail. Based on the new sim-
ulator, the theoretical expressions for the PDFs of envelope
and phase, ACF, and DPSD under VMdistribution scattering
environment have also been derived. Finally, the simulation
results have demonstrated that our proposed simulator can
reproduce the nonstationary fading channels with accurate
statistical properties such as PDF, ACF, and DPSD.
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