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Abstract—We derive a small-scale fading model for the typical
situation of cars driving on parallel lanes. The small-scale
fading for an overtaking vehicle appearing in the inter-vehicle
millimeter wave communication link is modeled as two-wave
with diffuse power (TWDP) fading. The evolution of the TWDP
parameters follows a first-order linear differential equation. A
main parameter of the solution function of this differential
equation is the effective length of the overtaking vehicle. This
length matches fairly well the spatial extend of the overtaking
vehicles.

Index Terms—TWDP fading, millimeter wave, moving scatte-
ring objects

I. INTRODUCTION

Wireless communication using millimeter waves
(mmWaves) has been a focus of research for more than
four decades [1]. The potential of having broadband channels
and highly directive beams have attracted attempts for the
employment of mmWaves in vehicular communication [2].
Although frequency bands at mmWave have been allocated
for intelligent transport systems (ITS) since at least the
1990s [3], their deployment is scarce and has been proven
challenging so far. The recent interest in autonomous driving
and the need for higher bandwidth have revived research
in mmWave vehicular communication [4]. Key results
of early narrowband vehicle-to-vehicle (V2V) mmWave
measurements, such as [5]–[10], are summarized in [2]. For
example, outage probability of vehicle-to-infrastructure (V2I)
mmWave channels is analyzed in [5], V2V and V2I mmWave
broadband communication is considered in [6], and in [10]
path-loss predictions models for line of sight (LOS) and
non-line of sight (NLOS) communication from measurements
of a V2V scenario at 60 GHz are derived. More recently,
the properties of V2V and V2I communication channels
for broadband mmWave have been investigated in several
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measurement campaigns [12]–[19]. An attempt to model the
time-varying channel for mmWave railway communication
with reasonable complexity employs ray-tracing [11]. While
there are no other surrounding, moving objects in the
railway environment, the urban vehicular environment is
much more complex and thus the wireless channel is much
more difficult to model, prohibiting the usage of ray-tracing.
The directional antennas have an impact on the temporal
variation of the mmWave channel [12]. V2I measurements
in expressway environments are shown in [13] for 28 GHz
in form of Doppler profiles and in [14] for 60 GHz in terms
of power delay profiles. V2V mmWave channels in terms of
blockage are measured in [16] simultaneously with additional
frequency bands. Measurements with a focus on the effect of
overtaking or passing cars on V2V channels at 60 GHz are
shown in [17], [18]. The statistical evaluation of overtaking
vehicles for such V2V channels is provided in [20].

The two-wave with diffuse power (TWDP) model to des-
cribe small-scale fading is first presented in [21]. MmWave
Measurements showing agreement with TWDP fading are
shown in [22]–[27]. In our opinion, there is a lack of mmWave
channel models for vehicular scenarios; this hampers research
and successful application of mmWave in ITS. Therefore,
further mmWave fading models are a necessary resource.

Contribution: In this paper, we derive a small-scale
fading model for the typical situation of communicating cars
driving on parallel lanes. The presented small-scale fading
model for moving scattering objects appearing in a mmWave
communication link (channel) has a good fit, allows physical
interpretation, and has low complexity. The analysis is carried
out under the framework of TWDP fading and the evolution
of its model parameters.

II. MEASURED SCENARIO

A detailed description of the 60 GHz measurement cam-
paign and the measurement setup is found in [26]. To the be-
nefit of the reader, we briefly summarize the campaign below.
To achieve very accurate frequency and time synchronization,
we keep transmitter (TX) (a tripod) and receiver (RX) (a
car, marked as blue car in Fig. 1) static and connected both



with a 10 MHz frequency reference and a trigger cable, see
Fig. 1. The sample rate at the receiver is 600 MSamples/s. We
employ a multi-tone sequence with 121 carriers to approx-
imately achieve a tone spacing of 5 MHz. Due to the anti-
aliasing filter, we avoid the cut-off region and only transmit
the sounding sequence at the 101 center tones. Thereby, an
effective sounding bandwidth of 510 MHz is achieved. The
output of our channel sounder is the calibrated time-variant
transfer function H(t, f).

To obtain time-variant vehicular channels, we let urban
street traffic pass by, illustrated by the green car in Fig. 1.
This effectively emulates a platooning scenario, where a car
platoon is being overtaken. A measurement is triggered once
an overtaking vehicle of the urban street traffic drives through a
light barrier. Through a second light barrier the mean velocity
and the overtaking car’s position at any time is estimated. We
measured different overtaking vehicle types, such as passenger
cars, sports utility vehicles (SUVs), and trucks.

In this contribution we are especially interested in the
fading behavior of the LOS component. We obtain the LOS
component by transferring the time-variant transfer function
H(t, f) to the time-variant channel impulse response h(t, τ),
via a discrete Fourier transformation. Then we identify and
select the LOS tap, τLOS, and exclusively focus on the behavior
of h(t, τLOS). A system bandwidth of 510 MHz provides a
time resolution of approximately 2 ns and hence resolves
paths which differ approximately 60 cm in path length. This
condition is illustrated through a Fresnel ellipsoid in Fig. 1.
The semi-minor axis of this ellipsoid is calculated through√(

15 m
2 + 60 cm

2

)2 − ( 15 m
2

)2 ≈ 2.1 m . Every path with less
separation is not resolved and amounts to fading.

III. MODELING APPROACH

TWDP fading captures the effect of interference of two non-
fluctuating radio signals and many smaller so-called diffuse
signals [21]. For our scenario, the two non-fluctuating signals
consist of the unblocked LOS path and a scattered path from
the overtaking vehicle. The TWDP distribution degenerates
to the Rice distribution, if one of the two non-fluctuating
radio signals vanishes. This condition is analogous to the well-
known Rice degeneration to the Rayleigh distribution with
decreasing K-factor. The PDF, CDF, and MGF of TWDP
fading are found in [28].

The TWDP fading model in the complex-valued baseband
is given as

rcomplex = V1e
jφ1 + V2e

jφ2 +X + jY , (1)

where V1 > 0 and V2 ≥ 0 are the deterministic amplitudes
of the non-fluctuating components. The phases φ1 and φ2 are
independent and uniformly distributed in (0, 2π). The diffuse
components are modeled via the law of large numbers as
X + jY , where X,Y ∼ N (0, σ2). The second moment of
the envelope r = |rcomplex| of TWDP fading is given as

E
{
r2
}

= Ω = V 2
1 + V 2

2 + 2σ2 . (2)

RX

v
10MHz, and trigger

TX

18◦

(static) Horn TX

(static) omni RX

d = −14m

-5m

-4m

-3m

-2m

-1m

0m

1m

2m

3m

4m

5m

6m

7m

8m

9m

2.1m

Fig. 1. Measured scenario drawn to scale. TX and RX are static to achieve
good time and frequency synchronization. Urban street traffic is passing by
and act as moving scattering objects. All scattering objects within the red
ellipse cause paths which are not further resolved in time and thus appear at
the LOS tap.

Expectation is denoted by E{·}. By enforcing

Ω ≡ 1 , (3)

all distributions are parameterized solely by the tuple (K,∆),
of which the K-factor is the power ratio of the specular (non-
fluctuating) components to the diffuse components

K =
V 2
1 + V 2

2

2σ2
. (4)

The parameter ∆ describes the amplitude relationship among
the specular components

∆ =
2V1V2
V 2
1 + V 2

2

. (5)



The ∆-parameter is bounded between 0 and 1, and equals 1
if, and only if, both amplitudes are equal. By combining Eq.
(2), (3), and (4) the second moment of the diffuse components
equals to

σ2 =
1

2 (1 +K)
. (6)

A LASSO [29], [30] based sparsity analysis revealed that
our measured channel is dominated by the LOS component, a
more than 10 dB weaker component of the overtaking vehicle
and a few smaller background components [31]–[33]. Hence,
as mentioned, given the measured channel impulse responses
(CIRs) during the overtaking process, we select the LOS tap
and focus on its amplitude fading distribution. To obtain the
parameter tuple (K,∆), the method of maximum likelihood
estimation is employed [25], [26].

One parameter tuple describes the fading condition on a
segment of 50λ = 0.25 m. A passing vehicle has an effect such
that the parameter tuple changes and saturates as the distance
increases. Due to the spatial extend of the vehicle, a smooth
transition can be expected. The K-factor that appears without
a vehicle present is denoted as Kd→∞. This constant is chosen
to be Kd→∞ = 46 dB, since this is the highest observed value.
The K-factor change (in dB) is modeled through the first-order
linear differential equation

∂K(d)

∂d
=

(
Kd→∞ −K(d)

)
δ

, K(0) = (1− κ)Kd→∞ .

(7)
The parameter δ acts as effective length of the overtaking
vehicle. The larger δ, the slower the change of K. Furthermore,
if there is a large deviation from Kd→∞, a vehicle is very
close to the RX antenna. Hence, the K-factor should be able
to change faster. The measured data show a symmetry around
d = 0. The solution which incorporates symmetry around
d = 0 is given by

K(d) = Kd→∞

(
1− κ exp

(
− |d|

δ

))
. (8)

The factor κ models the maximum reduction of the K-factor
when a vehicle is present.

Likewise, the ∆-parameter is modeled to fulfill

∂∆(d)

∂d
= −∆(d)

δ
, ∆(0) = ∆max . (9)

Again, the solution is a symmetric exponential function

∆(d) = ∆max exp

(
− |d|

δ

)
, (10)

where ∆max models the strongest reflection from the over-
taking vehicle. Here, the δ-parameter has the same meaning
as for the K-factor. We distinguish between a joint and an
individual δ for fitting of K and ∆ later on.

Why is the K-factor modeled in logarithmic and the
∆-parameter in linear scale?: Through our previous ana-
lysis [31]–[33] we conclude that V2 � V1, and hence
∆ ≈ 2V2/V1. As V1 is the amplitude of the unblocked LOS
component, it is constant during the measurements. Thus, ∆

is proportional to the amplitude of the scattered component,
i.e., ∆ ∝ V2. Contrary, K ≈ V 2

1/(2σ2), and, again, as V1 stays
constant, the change of K is due to a power change of the
diffuse components. Hence, we want to model the behavior of
the “amplitudes” σ ∝ K−1/2 via a linear differential equation.
The nonlinear transform of the inverse square root (mainly
its concavity) is captured well by the concavity of the − log
curve.

IV. RESULTS

Given the ansatz functions developed in the section above,
we perform a least-squares fit with the ML fitted parameter
tuple to obtain the model parameters. Principally, the δ para-
meter in Eqs. (8) and (10) models the effective length of the
overtaking vehicle. As such, this parameter should be the same
in both equations. An individual δ parameter in each equation
allows, however, a better fit. We will compare two competing
strategies in the following.

For the individual fit of the K-factor and the ∆-parameter
models, MATLAB’s nonlinear least-square fitting tool was
utilized. Scatter plots of the observed K-factor, distinguished
by vehicle type, are shown in Fig. 2 left-hand side. Scatter
plots of the corresponding ∆-parameter are shown right-hand
side. The individual fits of the K-factor model (8) and the
∆-parameter model (10) are shown in black dashed lines. The
individually fitted model parameters are annotated in the lower
left corner of the K-factor panels and in the upper right corner
of the ∆-parameter panels.

For the joint fit, we employ the following strategy. Firstly,
we linearize the ansatz functions (8) and (10) via a natural
logarithm transform. We thereby achieve the following equa-
tions.

log

(
1− K(d)

Kd→∞

)
= log κ − 1

δ
|d|

log ∆(d) = log ∆max − 1

δ
|d|

(11)

Through stacking all equations from the first distance d1 until
the last distance dN , we achieve the following matrix-vector
equation

log

(
1− K(d1)

Kd→∞

)
...

log

(
1− K(dN )

Kd→∞

)
log ∆(d1)

...
log ∆(dN )


=



1 0 −|d1|
...

...
...

1 0 −|dN |
0 1 −|d1|
...

...
...

0 1 −|dN |


 log κ

log ∆max
1
δ

 .

(12)

By applying the Moore-Penrose inverse to (12), the solution
parameters are found.

As mentioned earlier, the joint parameter fit avoids the
ambiguous δ-parameter, as this parameter is common for the
parameter tuple. This approach, however, comes with the
disadvantage that some observations need to be withdrawn



Fig. 2. Effective vehicle length estimation through exponential modeling of the parameter tuple. (Left) The fitted K-factors for cars, SUVs, and trucks are
shown from top to bottom. (Right) The fitted ∆-parameters for cars, SUVs, and trucks are also shown from top to bottom. The effective lengths range from
δ ∈ (1.26 m, 7.1 m). The effective length δ scales with the vehicle length. The joint fits in solid lines show a disagreement for the ∆-parameters. As the joint
fit evokes the logarithm transform, we did not use ∆ values close to 0 and hence biased the fit.

from the data set, as values close to 0 are problematic in
the logarithm term of the left-hand side in (12). In this
contribution, we skip those observations with the logarithm
argument smaller than 0.1 .

The joint least-squares fit of the parameters is plotted
in Fig. 2 as solid lines. The fitted model parameters are
plotted across the corresponding panels. The effective length
is between 4.52 m and 6.15 m, and hence matches fairly well
the vehicle lengths. In the case of an individual K-factor fit,
the effective length is similar and between 4.2 m and 7.1 m. In
contrast, when ∆-parameter is fitted individually, the effective
lengths are smaller and range from 1.3 to 5.4 m. The maximum
reduction of the K-factor is between 43% and 66% and the
maximum ∆-parameters fall between 0.19 and 0.38.

V. CONCLUSION

We model the effect of overtaking interacting objects
(vehicles) on a millimeter wave inter-vehicle communications
link. For 500 MHz bandwidth the scattered component of
the overtaking vehicle appears at the LOS tap and fading
according to a TWDP statistic is observed. The parameters
of the TWDP model change continuously as the overtaking
vehicle passes by. The continuity is well modeled via a first-
order linear differential equation. We show individual fits for
the K-factor and the ∆-parameter, as well as a joint fit. The
solution function contains the import parameter of effective
vehicle length δ, which matches the physical length of the
overtaking vehicle fairly well. The other parameters are the
K-factor reduction factor which is around κ ≈ 0.5. The final



parameter is the maximum ∆-parameter which was observed
to be approximately ∆max ≈ 0.4 for trucks.
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of sparse source signals,” in Proc. of 3rd International Workshop on
Compressed Sensing Theory and its Applications to Radar, Sonar and
Remote Sensing (CoSeRa). IEEE, 2015, pp. 124–128.
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