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Abstract— In this contribution, we investigate the applicability
of using multiple propagation paths to estimate the temporal auto-correlation function and the coherence time of wireless propagation channels. The Space-Alternating Generalized
Expectation-maximization (SAGE) algorithm is applied for extracting the paths from measurement data. It is found that the
channel auto-correlation function and coherence time computed
based on the path parameters are biased. A simple method is
proposed for correction of the biases. Experimental investigations
are conducted to evaluate the effectiveness of the method.
Index Terms— Wireless channel, propagation path, Doppler
frequency, channel temporal auto-correlation, channel coherence
time and the SAGE algorithm.

I. I NTRODUCTION
The characteristics of propagation channels have significant
impact on the performance of wireless communication systems
[1]. The channel variability in time can be characterized by
the temporal auto-correlation function (ACF) of the channel
impulse response (CIR) and the so-called coherence time of
the channel [2]. Fully understanding of these characteristics are
of great importance for the design of wireless communication
systems and performance optimization for the systems.
The temporal ACF and coherence time of a channel are
usually estimated using the observed CIRs in measurements.
The CIRs can be calculated by applying two methods, i.e. i)
correlation of the received signal with transmitted signal, and
ii) reconstruction using the estimates of the parameters of a
generic propagation model. In the latter method, the specularpath model is usually used under the assumption that the
CIR consists of the contributions of planar waves propagating
along multipath. The parameters of the paths can be estimated
from the received signals by using high-resolution estimation algorithms, such as the Space-Alternating Generalized
Expectation-maximization (SAGE) algorithm [3], the Richter
Maximum-likelihood (RiMAX) algorithm [4] and the Estimation of Signal Parameters via Rotational Invariance Techniques
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(ESPRIT) [5]. As the constellation of the paths are closely
related to the geometry of the scattering environments, the
method ii) is usually referred to as the “geometric approach”.
Theoretically, provided the CIRs are precisely represented
by multipath components, the two methods yield the same
estimates for the channel temporal ACF and channel coherence
time.
Validation of using multipath components to represent the
channel characteristics in space and frequency has been conducted experimentally in [6]. As far as we are concerned,
similar investigations have not been performed in the time
domain. Considering that the multipath propagation models,
such as the 3GPP spatial-channel models (SCM) [7] and the
WINNER models [8], have been widely used for channel
simulation, it is important to evaluate the effectiveness of
applying multipath to predict channel temporal behavior, i.e.
the temporal ACF and channel coherence time of the channel.
In this contribution, we analyze the consistency of the channel temporal ACF estimator based on multipath, and propose a
method to mitigate the bias in the ACF estimator. Experimental
investigations are conducted to assess the applicability of the
method in reality.
The paper is organized as follows. Section II describes the
CIR and the conventional method for computing the temporal
ACF. Section III introduces the high-resolution parameter
estimation method based on the SAGE algorithm. In Section
IV, the estimator of the temporal ACF based on multipath
is described. In Section V, the experimental results in two
indoor scenarios are presented. Conclusion remarks are given
in Section VI.
II. S IGNAL

MODEL

Following the nomenclature in [9], we model the impulse response h(τ, ν) of a propagation channel in delay and Doppler
frequency as a superposition of L specular path components,
i.e.
h(τ, ν) =

L
X

α` δ(τ − τ` )δ(ν − ν` ),

(1)

`=1

where α` , τ` and ν` denote respectively the
ation, the delay and the Doppler frequency
Under the assumption that α` , ` = 1, . . . , L
stochastic processes, i.e. E[α` α∗`0 ] = p` δ``0
senting the complex conjugate of the given

complex attenuof the `th path.
are uncorrelated
with (·)∗ repreargument, p` =

E[|α` |2 ] being the power of the `th path component, and δ``0
denoting a dirac delta function, the delay-Doppler frequency
power spectrum p(τ, ν) of the channel can be calculated as

where s(τ ) is the transmitted signal, w(t, τ ) denotes the
2
circular-symmetric white Gaussian noise with variance σw
.
Each iteration of the SAGE algorithm consists of two steps,
namely the expectation (E-) step and the maximization (M-)
step. In the E-step, an objective function

p(τ, ν) = E[h(τ, ν)h(τ, ν)∗ ]
=

L
X

p` δ(τ − τ` )δ(ν − ν` ).

[i−1] 
. 
b [i−1] ) =
Q(θ` |Θ
E Λ(θ` ; X` )|Y (t) = y(t), Θ̂
)

(2)

`=1

[i−1]

is computed, where Θ̂
is the estimate of Θ at the i − 1th
iteration, Λ(θ ` ; X` ) represents the loglikelihood function of
θ` , Y (t) denotes the received signal, and y(t) is an observation
of Y (t). In the M-step, the parameter estimates are obtained
as

The temporal observations of a wideband channel h(τ, t) is
calculated as
Z +∞
h(τ, t) =
h(τ, ν) exp{j2πνt}dν.
(3)
−∞

The temporal ACF Ch (∆t) of the channel is defined as [2]

[i]

[i−1]

θ̂` = arg max{Q(θd |Θ̂

∗

. Et,τ [h(τ, t)h(τ, t + ∆t) ]
Ch (∆t) =
Et,τ [|h(τ, t)|2 ]
L
L
X p`
X
=
exp{−j2πν` ∆t} with P =
p` , (4)
P
`=1

(7)

θ`

)}.

(8)

In the initialization step of the SAGE algorithm, we use
a successive interference cancellation method to obtain the
[0]
initial estimates θ̂` , ` = 1, . . . , L0 . The reader is referred to
[3] for the details of the initialization method.

`=1

where Et,τ [·] represents the expectation of the given argument
over time and delay. The coherence time Tc of the channel
can be obtained from Ch (∆t). In this contribution, we use the
method proposed in [2] to compute Tc , i.e.

IV. T EMPORAL ACF

ESTIMATOR BASED ON MULTIPATH

b returned by the SAGE
Using the parameter estimates Θ
algorithm, the channel temporal ACF can be calculated as

2π
(5)
5σ
where σ is the standard deviation of a Gaussian probability
density function fitted to Ch (∆t).
Tc ≈

0

0

L
L
X
X
p̂`
0
Ĉh (∆t) =
p̂` . (9)
exp{−j2πν̂
∆t}
with
P
=
`
P0
`=1

`=1

0

III. T HE SAGE

As L is considered to be less than L, the true ACF Ch (∆t)
in (4) can be rewritten as

ALGORITHM

0

The SAGE algorithm is an iterative algorithm which returns
parameter estimates that approximate the values obtained using
the maximum likelihood method. In this contribution, the
SAGE algorithm is used to estimate the delays, Doppler
frequencies and complex attenuations of L0 path components.
The value of L0 is set heuristically to a large number so that
the extracted paths can represent the dominant components
in the channel response [10]. Experimental results show that
a propagation channel usually consists of a certain number
of well-separated path components and a tremendous amount
of closely-spaced path components [11]. The closely-spaced
path components are called dense-multipath components [11]
or dispersive components [12], or clusters [13]. In the cases
where the channel contains dense-multipath components, as in
many micro-cell and indoor scenarios, under the practical limit
of computational complexity the SAGE algorithm is applicable
for extracting a portion of the true paths. This implies that a
significant amount of paths are left unestimated, and thus, the
inequality L0  L is reasonable in such cases.
We use Θ = (θ 1 , θ2 , . . . , θL0 ) to denote the unknown
parameters for estimation, where θ` = (τ` , ν` , α` ), ` ∈
[1, . . . , L0 ] representing the parameters associated with the `th
path. In the ith iteration of the SAGE algorithm, the estimates
of the parameters in θ ` , ` = mod (i, L0 ) + 1 are updated.
The admissible-hidden data for estimation of θ` reads
X` (t, τ ) = α` s(τ − τ` ) exp{j2πν` t} + w(t, τ ),

Ch (∆t) =

L
X
p`
`=1

+

P

exp{−j2πν`∆t}

L
X
p`
exp{−j2πν` ∆t}.
P
0

(10)

`=L +1

Assuming that θ̂ ` ≈ θ ` for ` < L0 , it can be shown that
Ch (∆t) ≈ Ĉh (∆t)P −1 P 0 + n(∆t)

(11)

0

⇒ Ĉh (∆t) ≈ P/P (Ch (∆t) − n(∆t))
(12)
P
L
with n(∆t) = P −1 `=L0 +1 p` exp{−j2πν`∆t}. According
to Section III, when a channel contains dense-multipath components, the inequality L  L0 holds. By applying the central
limit theorem, it can be shown that n(∆t) is a Gaussian
random variable with zero mean. Taking the expectation of
both sides of (12), we obtain
E[Ĉh (∆t)] = Ch (∆t)P/P 0 .

(13)

The bias of the estimator Ĉh (∆t) is then calculated as
Bias[Ĉh (∆t)] = Ch (∆t)

P − P0
.
P

(14)

From (14), we can see that the estimator Ĉh (∆t) is unbiased if
and only if L0 = L and θ̂` = θ` for ` = 1, . . . , L. Furthermore,
from (14) we see that the bias of Ĉh (∆t) can be removed

(6)
2

by multiplying Ĉh (∆t) in (9) with a factor P 0 /P . Thus, a
corrected estimator C̆h (∆t) can be calculated as
C̆h (∆t) = P 0 /P Ĉh (∆t)
0

=

L
X
p̂`
`=1

P

exp{−j2πν̂` ∆t},

(15)

where the total power P of the true paths can be estimated by
the averageRof the energy of the CIRs observed at different t,
T
i.e. P̂ =< 0 |h(t, τ )|2 dτ >, with T denoting the time span
of one observation. Notice that this unbiased estimator C̆h (∆t)
is indeed the well-known unbiased estimation technique for the
second-moment of random processes applied in the context
considered in this paper [14].
We compute the channel coherence time Tc by applying
(5) as described in Section II. It can be shown that when Tc
is estimated using Ĉh (∆t),
p the estimator T̂c of Tc is biased
with Bias[T̂c ] ≈ Tc (1 − P 0 /P ). However, this bias can be
suppressed when Ĉh (∆t) is replaced by the unbiased estimator
C̆h (∆t).

Fig. 1. The map of the premises for Scenario I measurement. When the Tx
moved, the propagation scenario changed from “hall” to “corridor NLOS”,
“corridor LOS”, then “corridor NLOS” and finally back to “hall”.

Tx surrounding

Rx surrounding

V. E XPERIMENTAL INVESTIGATION
In this section, channel measurement data are used to
validate the accuracy of the proposed method in estimating the
channel temporal ACF and the channel coherence time. Our
original idea is to compare the estimates with their measured
counterparts. However, as the channel is measured with low
repetition rate, we are unable to compute Ch (∆t) with refined
grids in ∆t. In such a case, the “true” Ch (∆t) is calculated
via Fourier transformation of the empirical channel Doppler
frequency spectrum.

Fig. 2.

Photographs of the surrounding of the Tx and Rx in Scenario I.

the 4 cycles in each burst. The SAGE algorithm is used to
estimate the parameters of L0 paths based on the received
signal. The Doppler frequency was estimated within the range
[−1/(2Tcyc), 1/(2Tcyc )] = [−29.7, 29.7] Hz.

A. Measurement settings
The measurement data were collected in a campaign organized by Technology University of Vienna and Elektrobit in
Oulu University, using the wideband MIMO channel sounder Propsound [8]. The Tx and Rx of the sounder were equipped
with a similar 50-element antenna array. The bandwidth of
the Rx was 200 MHz. The so-called subchannels, i.e. the
channels between individual pairs of the Tx and Rx antennas,
were measured sequentially using two switches, located in
the Tx and the Rx respectively. The switches operated in a
time-division-multiplexing (TDM) mode consisting of cycles
and bursts. Here, a burst contains multiple cycles. A cycle
is referred to as the duration within which all subchannels
are measured once. Each burst consists of 4 cycles. The
interval between the starts of two consecutive cycles and two
consecutive bursts equals Tcyc = 16.8 ms and 268.8 ms
respectively.
Two scenarios are considered for the evaluation. Scenario
I is referred to as the measurement performed in a narrow
corridor between office rooms. Scenario II is the measurement conducted in a wide corridor with people walking.
The location of the Rx was fixed in both scenarios, while
the Tx moved at constant speed of 0.5 m/s. We assume
that the parameters, i.e. the delays, Doppler frequencies and
complex attenuations of propagation paths are constant within

B. Scenario I
Fig. 1 illustrates the map of the environment where the
measurement was conducted. During the measurement, the Tx
moved along a straight route in a corridor from the bottom to
the top of the map. It can be seen from Fig. 1 that when the Tx
was moving, the propagation scenario evolved gradually from
an open hall to a corridor with non-line-of-sight (NLOS), then
to a line-of-sight (LOS) case when the Tx arrived at the middle
of the measurement route. When the Tx moved continuously,
the propagation scenario changed from LOS to NLOS corridor,
and back to open hall when the Tx reached the route end. Fig.
2 shows the photographs of the surroundings of the Tx and
Rx when the measurement started.
Fig. 3 illustrates the estimates of the Doppler frequencies
of 30 specular paths versus the burst indices. The colors of
the spots code the amplitude of the paths in dB. We can
observe that when the Tx moves, the power Doppler frequency
spectrum in terms of discrete paths exhibits different profiles.
The Doppler spread is large when the Tx was in the hall,
and decreases when the Tx was approaching the LOS in the
corridor.
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Fig. 3. Doppler frequency estimates of specular paths for 100 bursts in the
scenario depicted in Fig. 1, with L = 30 and dynamic range equal to 40 dB.
Fig. 5. The map of the environment where Scenario II measurement was
conducted.

(a) T̂c without correction
Based on the SAGE estimates with L = 15
Based on the SAGE estimates with L = 30
Calculated based on the channel impulse responses

0.15

can be improved by multiplying T̂c with the ratio between the
sum of the powers of all estimated paths and the total energy
of the channel response. It is important to consider this ratio
when simulating the temporal characteristics of propagation
channels using geometry-based models.
From Fig. 4 (b) we also observe that for the cycles around
180, i.e. when the Tx and Rx have LOS connection, T̆c is larger
than Tc . We postulate that this overestimation effect is because
the number of paths to be estimated, i.e. L0 = 30 is larger than
the true path number L in the LOS scenario. The artifact paths
returned by the SAGE algorithm lead to the incorrect estimate
of the ACF and the coherent time. This observation shows that
the unbiased estimator C̆h (∆t) is applicable for the cases with
L0 < L e.g. in rich-scattering scenarios.
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Fig. 4.
Comparison between the measured coherence time Tc and the
calculated coherence time T̂c without correction (a) and T̆c with correction
(b).

C. Scenario II
The environment where Scenario II measurement was conducted is depicted in Fig. 5. During the measurement, the Tx
was moving in a wide corridor along a route marked in Fig. 5.
People were walking in the corridor constantly. Fig. 6 depicts
the photographs of the surroundings of the Tx and Rx when
the measurement began.
Fig. 7 depicts the Doppler frequency estimates of L0 = 50
propagation paths obtained using the SAGE algorithm. We
observe that the estimated power Doppler frequency spectrum
in terms of discrete paths exhibit a “tub” shape as derived
based on the Jakes’ model [15]. The borders of the tub-shaped
spectrum are located in respectively, the positive and negative
part of the Doppler frequency axis. The spread of the power
Doppler frequency spectrum increases gradually when the Tx
moves.
Fig. 8 (a) depicts the coherence time Tc and the noncorrected T̂c which are calculated using the estimates of path
parameters obtained from the SAGE algorithm for L0 ∈
[15, 20, 30, 50]. We observe similar phenomena as shown in
Scenario I, i.e. the non-corrected T̂c is larger than Tc , and
the distance between T̂c and Tc does not vary significantly
for different L. Fig. 8 (b) compares the corrected T̂c and Tc .
It can be observed that the deviation between T̂c and Tc is

From the estimates shown in Fig. 3, we calculate the
estimate of the temporal ACFs and the coherence time of the
channel. Fig. 4 (a) depicts the measured Tc and calculated
T̂c based on Ĉh (∆t) in (13). Two values of T̂c are presented
which are obtained by using the estimates of L0 = 15, 30
paths respectively. The following phenomena are observed
from Fig. 4. First, without the correction suggested in (13), T̂c
is always larger than the measured Tc regardless of L. This
is consistent with the theoretical result shown in Section IV.
Second, the variations of T̂c and Tc with respect to the burst
index are similar. These variations are also correlated with the
changes of the Doppler frequency spectra dependent on the
exact propagation scenarios. Furthermore, when a large L0 is
selected, the deviation between T̂c and Tc does not decrease
significantly. This indicates that without performing any correction, the specular path models indeed fails to reproduce the
temporal ACF and the coherence time of a channel.
Fig. 4 (b) depicts the calculated coherence time T̆c that are
obtained by applying the corrected ACF estimator in (13).
It can be observed that the deviation between T̆c and Tc
decreases significantly. This shows that the estimation of Tc
4
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Comparison between the measured coherence time Tc and the
calculated coherence time T̂c without correction (a) and T̆c with correction
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Fig. 7. Doppler frequency estimates of specular paths for 100 bursts in
Scenario II, with L = 50.
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significantly reduced. We also observe that the large deviations
even after applying the correction. This can be due to the
fact that the number of paths set in the SAGE algorithm is
not large enough, so that the paths estimated by the SAGE
algorithm cover only portion of the channel response. The
problem may be solved by allocating the paths to a certain
number of delay bins which are predetermined in such a way
that the estimates returned represent the overall profile of the
propagation channel.
VI. C ONCLUSIONS
In this contribution, we proposed a simple method for
enhancing the accuracy of applying multiple propagation paths
to the reconstruction of the temporal auto-correlation characteristics of channels. We first showed that the estimates of the
temporal auto-correlation of the channel and coherence time
computed based on the path parameters are inconsistent with
their true values. In the proposed method, a correction factor is
introduced which is calculated based on the power estimates
of paths, and used to mitigate the estimation errors. Experimental results showed that by using the proposed method,
the deviation between the calculated coherence time and the
measured value was reduced significantly. These results are
useful for accurate simulation of time-variant channels using
the geometry-based stochastic channel models.
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